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NUS 557

SUMMARY

A FORTRAN code has been developed for the IBM-360 digital computer to unfold
sodium-iodide (thallium~activated) scintillation spectrometer polyenergetic
gamma photon experimental distributions. It was specifically designed to
analyze the combination bremsstrahlung and monoenergetic gamma radiation
field of cylindrical radioisotope power generators. The code generates the
detector system response matrix function and applies it to the monoenergetic
spectral components discretely and to the bremsstrahlung iteratively. It
corrects foriodine K X-ray escape, detector non-linearity, system drift, source
decay,‘ background, and detection efficiency. Results are presented in digital
form for differential and integrated photon number and energy distributions, and

exposure dose.




1. INTRODUCTION

This report presents a description of and the user requirements for code
CUPED =-- a digital computer code to unfold scintillation specirometss
polyenergetic gamma photon experimental distributions developed under
NASA-GSFC contract NAS5~10337. Code CUPED, written in the FORTRAN IV
language for the GSFC IBM-360/91 digital computer, is a much modified
version of code CUBED which was developed under contracts NAS5-10133
and NASS5-10337 and previously reported in NUS-315, -316, and —395(l i2,3) .
The experimental distributions which the code has been specifically
developed to analyze, are those recorded by the right-cylindrical sodium-
iodide (thallium-activated) ---- NalI(Tl) ---- scintillation crystal, coupled
to a multi-channel pulse-height analyzer and exposed to the bremsstrahlung
and line energy photons emitted by right-cylindrical radicisotope power

generators fuelled with such as either plutonium, thallium or strontium

" oxides.

The code can either read or generate the scintillation detector system
response function matrix and apply it to unfold the pulse-height analyzer
distributions to determine differential and integrated photon number

and energy distributions, and exposure dose. The response matrix
generation procedure relies on the spectra of standard radioisotopes such
as Cd109, HgZO3, Sr85 CslS7, Nb95, Mn54, Zn65, 0060 and Na24. The

standard spectra are normalized with respect to photopeak pulse-height and

1

area, and théir photopeaks subtracted to obtain normalized Compton continua.

The response matrix vectors are determined at each energy by interpolating the
normalized continua and computing the associated Gaussian photopeaks. The thus
interpolated vectors are redistributed in pulse-height to correspond to the detector
system energy response and to satisfy the requirements of the spectra to be un-

folded. Quadratic interpolation of the normalized continua is carried out either




directly for gamma photon energies < 0.6616 MeV or by a method of parts ,

described in this report, for energies > 0.6616 MeV.

Code CUPED applies the response function matrix according to two distinct
procedures to unfold either bremsstrahlung spectra or complex spectra con-
sisting of a limited number of photopeaks or spectra consisting of
bremsstrahlung-plus-photopeaks. The code determines the detector in-
cident photon lines in the unknown spectra through the fitting of a Gaussian-
plus-straight-line function to each photopeak. The corresponding photo-
peak associated Compton continua are determined by an interpolation of the
standard Compton continua. The thus determined photopeak-plus-continuum
spectra are then subtracted to leave, ideally, either a continuous or zero
residual spectrum. Continuous and residual spectra are iteratively unfolded

(4-7)

according to the matrix inversion technique of Scofield , to determine
detector-incident continuous photon spectra. The total incident gamma photon

spectrum is determined as the sum of the line and continuous components.,

The code corrects for partial photon energy deposition in the NaI(T1)
detector through the application of the response matrix. It corrects for

the number of photon interactions in the detector crystal and for absorp-
tions by the crystal cladding materials, interposed absorbers such as
Lucite and the air medium between the source and the crystal. In addition,
it corrects for primary source decay, iodine K X-ray escape, pulse-height

drift and natural background. It corrects for detection system nonlinear

energy response either inherently during unfolding or directly before

unfolding according to option.

Since the present report is considered primarily as a code user's manual,
a detailed description of the mathematics and the logic of the code is

referred to report NUS—316(2) and NUS—395(3) .

-2-




2. CODE DESCRIPTION
2.1 INTRODUCTION

Code CUPED is written in the FORTRAN IV compiler language for the GSFC
IBM=-360/91 digital computer. It was designed to run under the System 360
monitor system at NASA Goddard Space Flight Center. Input data are read
from card-to-tape -~-- TAPE 5, digital output is written on tape for print
out ---- TAPE 6. The code calls only standard library subroutines, such

as transcendental functions.

The code consists of a main control program and thirty-seven subprograms,
numbered from 1 to 38 , A subprogram glossary is given in Appendix I, in
alphabetic name order, and a code FORTRAN punch card deck listing in
Appendix II, Appendix III consists of a sample input card deck listing and
Appendix IV of a program output listing corresponding to the input given in
Appendix III: the execution time for the sample data was approximately five

seconds (360/91) with compile and loading time being approximately 28 seconds.

Although CUPED is written for the -360/91 it may be run on smaller 360 mach-
5

ines, down to a -360/50. It has total byte length of less ~2.05 x 10

( the ~360 is 32 bit word third generation computer with 8 bits per byte) and

thus a 'word' size of about 62k in the vernacular of second generation com-

puters.

The logic and function of the main program, referred to as MAIN, and its
subprograms are discussed in Section 2.2, in some detail. Those subpro-
grams not discussed are considered as being adequately described in either

Appendix I or references (1), (2) and (3). The user is also referred to those




same refelfences for the theoretical bases of code CUPED. The constants
required by the code are explained in Section 2.3. Reference to this Section
will allow the user to make changes as necessary, in for example, the re~
lationship of such as the detector system photopeak resolution and pulse-
height with photon energy. The code operation is discussed in Section 3.1
with special reference to the various options available. The code input is
detailed in Section 3.2, and the output is defined in Section 3.3. FORTRAN

names and variables are shown capitalized in what follows, with 'zero' and

'oh' thus:WO,(Z.

2.2 CODE LOGIC
2.2.1. MAIN PROGRAM

The main program was designed to execute data input and output operations,
many of them under initially input option signals, and provide the control
connectivity for the hierarchy of thirty-eight subprograms presented in Figure 1.
Figure 2 shows a simplified flow diagram of the main program. Program MAIN

calls subprograms:

SHAPE DOMITS DEC GANE SINGLE
SPOLN DECAY GEOMTR ENLIN XTAL

Siubhprogram SHAPE is called by MAIN to generate and return the detector system
response matrix and the associated vectors relating pulse-height to photon
energy. It also returns a vector of photopeak-area-to-total-spectrum-area
ratios, i.e. experimental photofractions, for code check purposes. Under

control of an input option signal, the matrix and its associated vectors may




-

be read as a card deck, instead of generated. For the analysis of many ceals
of unknown spectra one response matrix may be applicable, and thus the
main program includes an option to bypass both the calling of SHAPL and the
input of a matrix card deck. For similar reasons an option is provided to
call SHAPE to generate a response matrix based on previously input standard

spectra.

Input options allow either the execution of MAIN to continue, return to start
or call EXIT, after the calling of SHAPE. Thus, for example, the code may

be run only for the purpose of generating a response matrix.

The code takes advantage of the fact that a series of input data cards for a set
of unknown source spectra, may ¥vary in only one or two variables, and so the
remainder need not be repeated, the unchanging variables being supplied

through the automatic calling of subprogram @MITS by MAIN.

Unknown spectra may be input to the code in uninterrupted blocks of up to
twenty spectra through the calling of subprogram DEC by MAIN. Since pulse-
height analyzer background subtracted counts are normally recorded in a
complement mode, i. e. as positive numbers, the code converts them to true
negative numbers in subprogram DEC. A count greater than 9 x 105 is assumed

to be in the complement mode.

MAIN is coded to subtract background spectra from source-plus-background
spectra under an input option control signal. This option allows the sub-
traction or addition, of a fraction or multiple of a background spectrum. It
further allows the continued reuse, as desired, of a previously stored back-
ground spectrum, and of course the addition of similar specira if this is the

requirement of the user.




The energy correspondence of an unknown spectrum to the response function

(1,2.8) . Subprogram

matrix is matched through MAIN calling subprogram GANE
GANE returns the unknown spectrum to the main program after normalization
to pulse-height analyzer true zero pulse-height and gain changing such that

channel width corresponds to that of the response matrix.

Additional automated modification of an unknown spectrum may be optionally

carried out by the code, namely:

(a) the counts in the first n 'dead’ channels of the spectrum may be re-
placed with either the count stored in channel n + 1 or counts deter-

mined by a straight line function of specified slope; and/or

(b) the counts between specified limiting channels may be replaced by

counts determined by a straight line function of specified slope.

Item (a) allows the user to make judgments with respect to the first few percent
of the spectrum which is often either suspect or actually electronically dis-
torted. Item (b) allows the removal of a known spurious peak, etc. in order

to allow more meaningful subsequent analysis.

At this point in the main program on both the first and subsequent loops, the
response matrix is stored, and an unknown pulse-height analyzer spectrum is
ready for analysis and conversion to a photon number spectrum. According
to an input option signal the code is instructed that the unknown spectrum is
either a pure continuum or a specified number of monoenergetic spectra
"guper~imposed" on a continuous spectrum. If the input option indicates

the presence of superimposed monoenergetic spectra and if either their line
energies and/or photopeak tail channel limits are input, MAIN calls sub-
program SINGLE prior to calling subprogram S@LN to carry out iterative

unfolding of the continuum,




Subprogram SINGLE is called by MAIN to analyze the photopeaks indicated

by the input options for the monoenergetic components of the unknown
spectrum. Gaussian distributions are fitted to each photopeak and the assoc-
iated Compton continua are determined by SINGLE calling subprogram SHAPE
and the corresponding line photon numbers calculated. In this manner the
monoenergetic spectral components are established in turn and subtracted, i.e.
stripped, from the unknown spectrum to leave a residual continuum spectrum.
The residual spectrum is returned to MAIN for subsequent analysis and unfold-
ing. The monoenergetic photon numbers thus obtained are added to the residual
photon number spectrum determined later by unfolding, to give the total photon

number spectrum corresponding to the input pulse-height analyzer spectrum.

Before calling subprogram SOLN the code tests certain input options (M(10), M(11),

(M(12), to determine the users special requirements, three of these are, namely:

(a) is unknown spectrum to be corrected for non-linear energy response

by calling subprogram ENLIN prior to or during unfolding?;

(b) is unknown spectrum to be corrected for detection efficiency by call-
ing subprogram XTAL prior to gain changing, (eg. from 200 to 30

channels) and before unfolding or after?; or
(c) is unknown spectrum to be actually unfolded?

Item (a) allows the user to make decisions with respect to the effects of the
linearity correction. Item (b) allows the user to make decisions with respect
to efficiency correction effects and accuracies. Item (c) allows the user to
make decisions with respect to such as the significance of actually carrying
out the unfolding procedure on a low energy spectrum such as that of Pm147.
The optional linearizing of unknown spectra causes the code (subprograrﬁ
SHAPE) to automatically linearize standard spectra and generate a linear res-
ponse matrix. The above options and all others, are defined in more detail

in Section 3.2. The called subprograms SHAPE, ENLIN, SINGLE, XTAL, SOLN
-7




and GEQMTR are discussed further in Subsections 2.2.2 through 2.2.,7.

The code corrects unknown spectra for the non-linear energy response of
Nal(T1) either during the unfolding process or if according to an input option
this process is by-passed, by the calling of subprogram ENLIN prior to un-
folding. Subprogram ENLIN returns an energy linearized spectrum to MAIN

which may be subsequently corrected for other phenomena.

At this point in the main program on both the first and subsequent loops, un-
known spectra are considered as prepared for unfolding, and thus, they and

the response matrix are communicated to subprogram SPLN. This subprogram
is called by MAIN to control the iterative unfolding process according to the

(2,4,5)

Scofield method and to apply efficiency corrections. It returns the

corrected photon number spectrum to the main program.

The main program calls subprogram DECAY to determine the primary source
decay factor. Subprogram DECAY returns a correction factor by which the
number spectrum is later multiplied. The calling of subprogram DECAY may be

optionally bypassed, in which case the multiplying factor is assumed as unity.

Subprogram GE®MTR is called by the main program to apply the decay correction
factor, carry out geometrical corrections, compute the final differential and

integral photon number and energy distributions, and exposure dose.

Subprogram GE®MTR returns the final results to the main program for output,
after which the code loops back along either paths 1, 2, or 3, as shown in
Figure 2. The code loops back along path 1 primarily to read new data pertain-
ing either to the response matrix or to the control options or both. The code
loops back along path 2 to read new data pertaining either to the unknown source
or if the maximum number of allowable passes (twenty) along path 3 have been
equaled; the second reason is dictated by either code DIMENSION or computer
finite capacity. The code loops back along path 3 to read a new unknown

Spectrum.
-8




2.2.2 RESPONSE FUNCTION MATRIX

2.2.2.1 Response Matrix Generation

The detector system response function maitrix is generated under the control
of subprogram SHAPE. The subprograms called by SHAPE are those shown in

Figure 3, namely:

GANE RESGEN TA TE PZLATE VETCMX
PULSE RAXEL PEAKS PEEK C@MPLX ! ENLIN

The main program supplies SHAPE with a number of control parameters, and
three variables., SHAPE begins execution by input of a card deck of spectra of
standard radioisotopes. The number of such spectra is equal to NSTAND, where
NSTAND =9, This card deck is preceded by one parameter card containing
information regarding the number of spectra in the deck (NSTAND); the number
of "dead" or unused channels at the low energy end of each spectrum (NPHA);
the number of channels in the input standards (NXLIM); and the pulse~height
analyzer reference coarse gain at which they were measured (UNGAIN). The
parameter card is followed by a set of NSTAND cards, each pertaining to and

in the same order as the spectra to which they refer. These cards contain the
source identity, data regarding peak approximate locations and the deviation of
the spectrum from true zero pulse-height, i.e. the + normalizing spectrum

shift required. A typical card deck is shown in Figure 4. (Further details are

referred to Section 3)

The standard spectra allowed by the code must have been measured from the
following radioisotope sources:

109 47 203
Cd Sc Hg 0 Cr51 Sr85 05137

54 5
Mn Nb% I\]'a22 Zr165 Co60 Naz4

The order in which they are input to the code is immaterial excepting that Nazz,

65 60 24
Zn ", Co =~ and Na = must be input in the above order. The user may employ

-9-




sources not shown above by an obvious modification of the DATA statements in
subprogram SHAPE (located at subprogram statement numbers 9000 + 7 and +8),
so long as such sources are monoenergetic and do not contain an 0.51 MeV
energy photon line. For example, suitable alternate spectra might be either

those originating from Au198 and F18

sources, or as hand prepared. Multipeak
potential standard spectra may be prepared by treating them first as an unknown

and using CUPED to determine components,

According to an input option and after the first call, calling of SHAPE allows
the by-passing of input of standard spectra. This allows the code to generate
a response matrix based on already stored and normalized standard spectra.
Similarly subprogram SINGLE calls SHAPE to determine Compton continua based

on already stored current standard spectra.

After spectral data is input to SHAPE, counts in the complement mode are
converted to their true negative value. The spectra are shifted to true-zero
pulse-height by the calling of subprogram GANE. Their order of input is
established prior to the calling of subprogram RESGEN for spectral normalization.
The standard spectra may also be corrected for non-linear energy response in
accord with an input-option (M(14)) if the unknown is to be similarly treated;

this is as described in Sections 2.2.1 and 3. 2.

Sub‘program RESGEN is called by subprogram SHAPE to normalize the single=
photopeak and NaL22 and Zn65 standard spectra with respect to photopeak

area and pulse-height; photopeaks and source-characteristic X-ray peaks are
subtracted. ’fhe multipeak spectra of 0060 and Na24 are normalized later by

the calling of subprogram COMPIX., The residual spectra thus determined by
RESGEN consist of Compton continua characteristic of the primary photon energy.
The X~ray peaks are subtracted since they are not representative of the primary
photon energy but rather of the source. The 0.51 MeV component photopeaks
and their Compton continua are subtracted for the same reason. Figure 5 shows
a typical set of spectral continua as normalized by subprogram RESGEN for
SHAPE: the 1.17 MeV continuum determined by COMPIX is included in this figure.
The logic of subprogram RESGEN is described in section 2.2.2.2.

-10-




Subprogram RESGEN returns the normalized differential standard Compton
distributions to subprogram SHAPE. These distributions are re~ordered with
respect to the ascending order of primary photon energy, prior to the normal=-
ization of the multipeak standard spectra by COMPLX., Subprogram SHAPE calls
subprogram C@MPILX to determine normalized standard continua at either

1.33 and/or 2.76 MeV using the 0060 and Na24 standards, as described in
section 2.2.2; the already described normalized Compton continua

are required by C@GMPIX for this analysis. The energy ordered normalized
continua are interpolated quadratically with respect to the energy axis of the
desired response function matrix through subprogram SHAPE calling subprogram
PZLATE. The result of this interpolation consists of N(corresponding to matrix
size) Compton continuum vectors normalized to unit photopeak area and pulse-~
height. Subprogram SINGLE calls SHAPE to obtain interpolated normalized

Compton continua at specific energies as described in this paragraph.

The Gaussian photopeaks plus iodine K X-ray escape peaks of unit (total) area
and at unit pulse-height (photopeak) are added to the differential Compton
continua to give N (matrix size) complete spectra. The peaks are computed
through SHAPE calling subprogram PEAKS which in turn calls GAUSS, which
calls PEEK. The Gaussian photopeak photon energy dependent standard

deviation ¢ (E), is computed here from an expression of the type
n
o(E) =k'E : (1)

where
k and n are (presently) user-determined either by a regression
analysis or by a plot of ¢ (E) on log-log graph paper to
obtain the slope n and the intercept k (@t E= 1.0 keV).

The energy dependent K X-ray escape fraction is computed by calling function

RAXEL, which interpolates a stored table of escape fractions described in

Section 2.3.
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The N determined unit length differential spectra are redistributed in pulse-
height linearly or non-linearly in accord with the option chosen. The
redistribution is obtained through SHAPE calling subprogram GANE. The
non-linear pulse-heights are obtained by the calling of function subprogram
PULSE. Linear pulse-heights are determined if the standards were linearized

by subprogram ENLIN,

At this point in the subprogram SHAPE execution, a response function matrix
has been determined. This matrix and its corresponding vectors for pulse-
height, photon energy and photofraction are returned to the main program.
Figure 6 compares the photofractions of the response matrix vectors deter-
mined by SHAPE with actual experimental values separately determined for the

standard source spectra.

2.2.2.2 Spectrum Normalization

Subprogram RESGEN normalizes the standard spectra input to SHAPE, This
subprogram begins execution by carrying out necessary intializations. In
the event that an 0.51 MeV spectrum and either Zn65 and/or Na22 have
been included in the input standard spectra, they are also stored in dummy
vectors for later 0.51 MeV component subtraction. SHAPE calls control

subprogram C@BALT, which in turn calls subprogram STDFIT ., to carry

22 and Zn65)

out a Gaussian fit to the primary and 0,51 MeV (of Na .
spectral photopeaks. Subprogram STDFIT calls subﬁrogram GUESS to es—
timate the necessary initial values of the five function parameters: straight-
line slope and intercept, Gaussian photopeak standard deviation, area and
mean pulse-height. Subprogram STDFIT returns the parameters of the fitted

photopeaks to subprogram RESGEN,

Subprogram RESGEN uses the determined photopeak parameters to carry out

normalization and to subtract the photopeaks from the standard spectra. In

-12=




addition to photopeak subtraction, a subtraction of the characteristic X-ray
peaks is carried out in the case of those spectra where they occur., The

0.51 MeV photopeak and continuum of Sr85 , if it has been input, is employed
to subtract the 0.51 MeV spectrum contribution of Na22 and/or Zn% . This
operation requires both count and pulse-height gain normalization, the gain

normalization being carried out through the calling of subprogram GANE.

The residual Compton continua are gain normalized to a photopeak pulse-~
height of 100 channels by the calling of subprogram GANE and count normalized
to unit photopeak area by a division operation. The iodine K X-ray escape peak
is subtracted for the case of primary photon energies less than 300 keV by

the calling of RAXEL. The resulting residual normalized continua are checked
for negative count values, which are replaced by zero, and returned to the
calling subprogram SHAPE. The fitted photopeak parameters are also returned to

. subprogram SHAPE.

2.2.2.3 Multipeak Standard Spectrum Analysis

Subprogram C@MPIX, called by SHAPE, separates the components of the
multipeak spectra of Co60 and Naz4 . It calls subprogram C@BALT to determine
the photopeak parameters and to subtract the photopeaks. It calls subprogram
POLATE to either interpolate or extrapolate a normalized Compton continuum
from the already prepared monoenergetic standards for the 1.17 MeV energy
component in the case of 0060 and the 1.368 MeV component in the case of
Na24. If the standards included Na22 then an extrapolation is only required
for the Na24 analysis. The interpolated or extrapolated continuum is modified
using the photopeak fitted parameters to determine a continuum which is
subtracted from the 0060 or Na24 continua, as the case may be, to leave a
residual 1.33 MeV or 2.754 MeV continuum. The residual continua so found

are then normalized and included as additional members of the previocusly

determined set of standards. TFigure 6 shows an example 1.33 MeV photofaction

~13=




. ) 24 .
obtained by the code. Na"  standard spectra measured in the geometry of the

other standards were not available for similar comparison.

2.2.2.4 Compton Continuum Interpolation

Subprogram POLATE quadratically interpolates or extrapolates normalized
Compton continua. It is called by SHAPE for response matrix vector generation

purposes and by C@MPIX for multipeak standard spectrum analysis. Actual

interpolation is performed in function subprogram TE.

For energies less than 0.6616 MeV, the interpolation is carried out directly
on the differential standard continua. The interpolation assumes reasonably
that at zero energy, the channel counts are also zero. For energies greater
than 0.6616 MeV, a'method of parts' was developed. This method divides the
continuum into three characteristic regions: A) zero energy to backscatter
peak, B) backscatter peak to Compton edge, and C) Compton edge to photo-
peak mean pulse-height. The mutual boundary of each region is overlapped
for continuity reasons. The dashed curves in Figure 5 indicates the regional

boundaries.

Prior to interpolation (or extrapolation) the three regions are aligned such

that the regional boundaries on which the backscatter peaks and Compton

edges lie would be vertical and straight if shown in Figure 5 , e, g. backscatter
peaks normalized with respect to pulse~height. Alignment is carried out with
respect to fhe continuum of highest energy in the set of three standards in

the guadratic, and by the calling of subprogram GANE. The three interpolated
components, A, B, and C, are unaligned by gain changing to obtain the desired
continuum, The pulse-height axis direction of Region C is reversed for conven-
ience during the whole operation, i.e. zero pulse-height is taken at the photo=-
peak mean pulse-~height. The central portion of Region B is determined by a

direct interpolation of the standard continua. An empirically modified form of

—14-




the Compton angular-energy equation is used to aid in automatically locating

the Compton edges and backscatter peaks.
P@ILATE returns the interpolated Compton continuum to the calling program.
2.2.3 Energy Response Correction

Subprogram ENLIN is called by MAIN and SHAPE according to an input to
correct pulse-height analyzer spectra for the non-linear response of the NalI(T1)
scintillation spectrometer system to gamma photon energy. The logic of

subprogram ENLIN is described in this section.

The main program supplies ENLIN with a number of control parameters and

four variables. The variables are, namely:

a. The number of channels in the spectrum to be
linearized (NX),

b. The counts in the spectrum to be linearized
(FM(D),

c¢. The energy at which the spectrum was calibrated
(EG), and

d. The measured pulse-height corresponding to the
calibration energy (VG).

For the sake of discussion in this section the above input to ENLIN will

be referred to as n, C{, Em and VI'n, respectively.

Subprogram ENLIN begins execution by defining the linear response slope,

or channel energy worth A as

A= Em/v (2)

-15-




where
V=vi/(L+av (E ) (3)
and

an (Em) is the fractional deviation of pulse-height from a linear
response for energy B+ @s determined by ENLIN calling subprogram
PULSE; dV is further discussed in Section 2.3. The linear response

is normalized at energies E =0 and 1.3325 MeV.
The non-linear channel energy worth of channel i, is Vi - V:'.L_l
where

V =V (1+3V (B) (4)
and

vV =E/A (5)

With the above relationships established the linear response count in

channel i, Ci' may be determined as

Gy =Cj - (V] = Vi- )/ = Vy_y) | ©
where the denominator is equal to one channel.

2.2.4 Analysis of Monoenergetic Spectral Contributions

Subprogram SINGLE is called by MAIN according to an input option to analyze
photopeaks and their associated Compton continua, in complex spectral dis-

tributions. Subprogram SINGLE will fit a 'single or double Gaussian plus

-16-




straight line' function to the photopeaks of a multipeak PHA spectrum. Tt
will subtract the fitted photopeaks and their associated continua to leave
a residual continuous spectrum. In the case of a 'no-bremsstrahlung’

complex PHA spectrum the residual will, ideally, have zero intensity.

The code CUPED user may input either the energy of the photopeaks to be
fitted in SINGLE or alternately the photopeak fitting limits (channel numbers).
In the event that the energies of only certain peaks are known they may be
input, while the remainder may be defined by fitting limits. The choice of
energy order of monoenergetic peak analysis and spectral stripping is left

to the user; the code permits a mixed order to be chosen.

In addition to fitting and subtracting the monoenergetic components of an
unknown spectrum, SINGLE determines their corresponding efficiency-
corrected detector-incident photon number. The thus determined photon
number may be optionally, either added to the bremsstrahlung photon number
determined by later unfolding or diverted for separate output. In this way
the separated radiations can be studied, eg. bremsstrahlung analyses may

be carried out even though the subject source emits monoenergetic photons.

Although SINGLE is designed primarily for single or double (merged) photo-
peaks, it may be applied to x~-ray peaks with a reasonable degree of accuracy.
For x-ray peak analysis a single Gaussian will give an approximate result.
The fitting of a double Gaussian requires that the peak have good counting
statistics and thus be 'well' formed. Alternately, an x~-ray peak may be
analyzed approximately by the iterative unfolding procedure under the con-
trol of subprogram S@LN. It is noted that the iterative unfolding convergence

rate is generally slower in spectra containing prominent residual peaks.
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Subprogram SINGLE begins execution by determining whether the photopeak
fitting limits have been input to MAIN by the user or whether they are to be
determined. In the event that they are to be determined, SINGLE begins
execution by estimating their channel locations based on the peak input
energies. It first establishes the approximate channel region of the photo-
peak. It then ascertains it more accurately for the approximated channel
region by calling subprogram VECTMX to establish the channel of maximum
count. The fitting limits are determined as a function of the photon energy
dependent standard deviation. A check is made to ensure that the limits

are within the spectrum and that their domains to not overlap each other.

With the fitting limits established, a single or double Gaussian distribution
is fitted to each photopeak in turn. Actual photopeak function fitting is
carried out by the calling of subprogram STDFIT for single peaks and STDFT2
for double peaks. Although subprogram STDFT2 is capable of carrying out
the fitting of a single peak and so leaving STDFIT redundant, it is not re-
quired to do so because of the other code CUPED changes that would be
necessar'y. It is proposed that those modifications be considered as future
work. Subprograms STDFIT and STDFT2 return fitted photopeak parameters
to SINGLE.

The Compton continuum associated with each photopeak is determined by
calling subprogram SHAPE, which returns an interpolated continuum normalized
with respect to a photopeak of unit area and pulse-height (100 channels). The
continuum is then scaled and gain changed according to the peak area and

pulse-height determined by STDFIT or (STDFT2).

Gain changing is carried out through SINGLE calling subprogram GANE. The
photopeak and Compton continuum are then subtracted from the unknown

spectrum for each monoenergetic spectral component in turn to finally leave
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a bremsstrahlung continuum residual spectrum. If no bremsstrahlung or
other continuous contribution was present in the unknown, then ideally

a zero spectrum will result.

Prior to returning the residual continua to MAIN for iterative unfolding,
SINGLE determines the photon number corresponding to each monoenergetic
spectral component. This is done by computing the photofraction, P(E), the
detector interaction efficiency, ¢(E), and the attenuation term for detector
cladding, air and lucite material interposed between the source and NaI(Tl)
crystal, n(E), all as outlined in reference (2). The photon number is then
determined from the relationship:

_ Photopeak Area (or Counts)
P(E)+ €(E) * n(E) !

N (E) (7)

The corrections noted are carried out by subprogram SINGLE calling sub-
program XTAL. N(E) is returned to MAIN either to be added to the iteratively

unfolded continuum number spectrum or to be output separately.

Figure 7 shows a PHA spectrum of PuO, before and after analysis by sub-

program SINGLE,
2.2.5 Spectral Unfolding

The reduction of pulse-height analyzer continuous spectra to photon number
spectra and the application of efficiency corrections are carried out under
the control of subprogram SZLN called by the main program. Subprogram
SZLN begins execution by carrying out certain initializations after which

it calls subprogram RESMAT to unfold the pulse-height analyzer spectra
according to the Scofield method (445) . The number spectra returned by sub-
program RESMAT are corrected for efficiency by S@LN calling XTAL. The

thus corrected number spectra are returned to MAIN. The remainder of this
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section describes the logic of the unfolding subprogram RESMAT and of the
efficiency vector subprogram XTAL, EFFIC, AIRABS, PERSPX and CLAD.

Subprogram RESMAT unfolds the pulse-height analyzer spectra by solving

the matrix equation (in matrix notation)
P =R N' (8)

where P and N'are the m~-dimensional vectors of the PHA spectrum and the
efficiency uncorrected photon number spectrum, respectively, and R is
the m x m square response function matrix. Equation (8) is formally solved

as

N' =R 'p (9)

where R is non-singular and R_l is its inverse. Subprogram RESMAT exe-
cutes equation (9) iteratively according to the Scofield method (4,5) . Figure
8 shows a flow diagram of the iterative algorithm coded in subprogram

RESMAT.  Further details are referred to references (1-3).

The efficiency corrected photon number spectrum N, is determined from

equation (9), as

-1 -
N (10)

3

N =

where 7:7 is a diagonal efficiency matrix accounting for interaction efficiency
and photon attenuation by detector cladding, air and lucite materials inter~
posed between the source and the crystal. Subprogram S@LN calls sub-
program XTAL which in turn calls function subprograms EFFIC, CIAD, AIRABS
and PERSPX, to determine ; S@LN then executes equation (10) and returns
the determined photon number spectrum to MAIN. Figure ‘79 shows a typical

spectrum before (P) and after (N) unfolding.
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2.2.6 Analysis of Unfolded Specira

Subprogram GE@MTIR is called by MAIN to carry out a final analysis on
the unfolded photon number spectra. The spectra are corrected for pri-
mary source decay and converted by GE@MTR to differential photon number

flux at the detector per unit time, NX(E) , (coded as FNXTAL), as
_ N (E) 2
N, (E) = WR}Z{ . y/cm® sec (11)
where

R, = NalI(Tl) crystal radius, cm.

The differential energy flux incident on the crystal per unit time, IX(E) .

(codes as ENXTAL), is determined as
L () =N, (E) - E, MeV/em” sec (12)

The energy integrated exposure dose rate at the crystal, D, (coded as

DOSDET), is determined a‘s

D= fenergy NX(E) Epqir (E) K dE, roentgens/hours (13)
where

“air(E) =  energy mass absorptioh coefficient of air, cmz/gm

K = conversion constant

= 3600/5.24 x 107 , (roentgens-second-gm air)/
MeV-hour

The integration in equation (13) is carried out numerically by GE@MTR,

as
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m

i=1

EjN@QEﬁ%n(%)KA% :

(14)

The energy integrated photon number and photon energy flux at the crystal

is determined by integrating NX (E) and I, (E) over E, (coded as SUMNUM

and SUMENY); the units are y/cmz—sec and MeV/cm

-sec, The following

tabulated data are also determined by subprogram GE@MTR for output by

the calling main programs:

FORTRAN NAME

(AT THE CRYSTAL)

AVENGY

PHNUBE

ENBENY

PHENBE

DOXBEX

EQUAL TO

% N(E) .EAE
3 N(E) . AE

v N(E) . AE
Ng

¥ N(E) .E.AE

E
Bmax

T N(E). AE

Ng

D/N

(AT THE BETA SOURCE CYLINDER)

DEFINITION & UNITS

average energy, MeV

integrated photon number
flux per beta source strength,

(v/cm2-sec)/g/sec)/MeV;
(NB defined below) *

integrated energy flux per

beta maximum energy, (MeV/
cm?-sec)/MeV; (E defined
below) Bmax

integrated energy flux per ?eta
source strength, (MeV/cm

~sec)/(B/sec)

dose rate per beta source

strength, (r/hr)/(8/sec);
(D defined in equation (13)).

DOSCYL —D@% dose rate per beta source
strength, (t/hr)/(g/sec); (G
defined below)

*Beta, N, and E are used in this section because of earlier bremsstrahling

BA max

analyses; gamma (v) may be conceptually substituted.
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DOSCYL

DCYVOL Source Volume ‘dose rate per begta sourc?
strength per cm® of source
volume , = DOSCYL/cm3

where

E = maximum beta (or chosen ¥) energy in MeV
Bmax !
= EBMAX of card@of report section 3.2%
NB = number of source emitted betas or ¥'s per unit time
= (SBETA of card@of report section 3.2) = 3.7 x 1010.**
and
G = Q}(/Q: 1/2(1 - r/(rz- + Rz) 1/2)
X

where

QX = solid-angle subtended by the crystal at the source
geometric center.

total solid-angle at the source = 4 ¢ steradian

o)
il

r = source to crystal distance

Subprogram GE@MTR returns all of the above data to the main program for

output.

* if not meaningful to code user, then input as, EBMAX =1.,0

*% if not meaningful to code user, then input as, SBETA =1.0/(3.7 x 1010) .
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2.3 Code Constants‘

In this section the origin and meaning of certain constants coded into
CUPED, are discussed., All attenuation coefficients used were those given
in references (9-13). The discussion is carried through in alpha-

betic order of subprograms, except for General Discussion and MAIN which

are presented first, Certain subvrograms require no discussion.

General Discussion: Certain constant values appear periodically throughout

CUPED. The values 2.35482, 2354.82, 0,3989423 and 1.065 are Gaussian
(14) '

or normal distribution constants . The value 2.54 is for conversion from

cm to inches. The values 60 (minutes/hr and seconds/min) and 1440 (min-

utes/day) are clock time conversion constants. The values 0.51097, 0.514,
1.173, 1.332, 1.368, and 2.754 are radioisotope peak energy values (15) in
MeV, for 6+ ' Sr85 ' 0060, 0060, Na24, Na24.

obvious or constants unique to code logic except as explained below.

Other values are either

MAIN: Certain constants requiréd by CUPED subprograms are coded in MAIN
and communicated by CEMME@N/CNSTNT,/. The constant T 30 = 30.48 is
source-to-crystal distance in cm * for use by the code in instances where
it (DOST(I)) is omitted from input. The constant T 75 = 0.75 is the coded
thickness of Lucite absbrber in 'cmz/kgm; presently not coded for input,
though it may easily be. The constants T 20 = 20.0, T 50 =50.0, T 01 =
.0001, T38=3.81and T 76 =7.62 are used by the code if input (@N,
HITMAX ,EPS ,RX,H) left blank; this is discussed in Section 3.2. The con-
stant T 1293 = 0.001293 is the density of air coded for subprogram AIRABS.
The constants T 90 = 900000, and T iOOOOOO. are used by subprograms DEC
and SHAPE for checking for spectral counts in the complement mode. The
constant, T 366 = 3,671 is the density of NaI(Tl) in gm/cc. The constant,
T 3316 = 0,03316, is the energy of the K electron shell absorption edge for
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_.6 .
10 is an integration criterion

iodine in NaI(Tl), in MeV. The constant T 06
for subprogram SIMPSN. The constants T 321 = ,321 and T 7677 = .7677 are
k and n of Equation (1). The constant T 285 = 0.0285 is the energy of the
NaI(Tl) iodine k x-ray in MeV. The constants associated with UT at state-
ment numbers 40 to 47 are explained in Section 3.2. The constant 3.7 E + 10
at statement number 128 + 1 is the conversion factor for Curies to disinte-

grations/second.

AIRABS: The mass absorption coefficients of air are given in the DATA state-
ment in cmz/gm. The coefficients include coherent scattering. They are
multiplied by the density of air (T 1293) in gm/cc to give output units in
cm-l .

CLAD: The attenuation factors (a fraction) of the detector cladding material
are given in the DATA statement. They were determined for the following

material composition and thickness

Material Density X Thickness Densit
gm/cm? gm/cm
Aluminum 130 2.70
Neoprene 43 1.30
Polythene | 13 | 0.90
Aluminum Oxide 67 4.0

and the expression
vPactor" = o M(E) « Thickness
where

N(E) is the material weighted mass absorption coefficient.
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D@SE: the energy mass absorption coefficients for air are given in the DATA

statement in cmz/gm. They are based at 20° C and a fractional weight com~-

position of

Nitrogen 0.755
Oxygen 0.232
Argon 0.013

EFFIC: The total mass absorption coefficients are given in the DATA state-

2
ment in cm /gm; they do not include coherent scattering.

GE@MTR: The constant defined as C@NST has been already discussed for
Equation (13).

PERSPX: The mass absorption coefficients for perspex (ie. Lucite) are

2
given in the DATA statement in c¢cm /gm.

SHAPE: The isotopic names and photopeak energies in MeV of the allowed
standard source spectra are given in the DATA statement located at sub-

program statement number 9095 + 5.

PULSE: The fractional deviations of pulse height at specific energies

are given in the DATA statement. They are based on an analysis of experi-
mentally measured standard source spectra whose bhotopeak energies are
well known. A step-by-step description of such an analysis can be found
in reference (16). The deviation values coded in PULSE are typical of the

spectrometer system and not just characteristic of NaI(Tl).

RAXEL: The iodine K X-ray escape fractions derived from the equations of
Axel(l7) for parallel beam geometry and as modified in reference (18) are

given in the DATA statement for energies up to 0.150 MeV. For incident
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photon energies greater than 0,150 MeV, the fraction is computed by
RAXEL as

5.0233 x 10> x g2+ 787

Fy (B)

and for E > 0.5 MeV, as

Pk(E) 0.0

1l
SIMPSN: The constant TMAX = 2048.0 = 2 (first execution statement) is a

criterion to stop integration in the event of a non-convergence,

STDFIT: The constant EPS = .00001 (at statement 100 - 3), is the fitting
criterion for the single peak non-linear regression. The constant NI =10
is a stopping criterion for non-linear regression in the event of a non-

convergence.

STDFT2: Constants EPS and NI (first and second statements) are as for
STDFIT, for double peak fitting.
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3., CODE OPERATING INFORMATION

3.1 GENERAL

Code CUPED is written in FORTRAN-IV for the IBM-360/91. It may be run
on any IBM-360 with sufficient core size, ie. the present version requires
205,000 bytes, (4 bytes/word). There are no Sense Switch or special tape
requirements. Input formats are standard FORTRAN-IV, as given in any
IBM or CDC Fortran manual; the code has been designed with a view to
ease of translation for use on other than IBM computers. Input/output
tapes are presently coded as LI and L& equal to 5 and 6, respectively,

at the beginning of MAIN (statement 19181 + 2 and + 3). A code listing

is given in Appendix II .

Figure 10 shows a general arrangement for the data input cards. Input card
details, order, formats, restrictions and location are given in Section 2.3.
Card numbers are encircled and defined in the order in which they are read

by the code. A sample input listing is presented i‘n Appendix III,

The code CUPED input data card deck consists of thirteen (13) types of
cards, referred to as Card @ , Card @ , etc. If the type requires more
than a single card the reference is made to Card Set O . Card @ is a
single card, input only once. Cards% and @ are single cards input
at least once. Card set @ (@ or ) is input at least once in order to
define the response matrix. If the user only wishes to generate a response
matrix but not to apply it to any data', then no further input is required. 1If
the matrix is to be applied to analyze unknown spectra, further input is

required to define the spectral data and the required analysis.
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Card set consists of two cards which must be input to define parameters
which are common to all PHA spectra in the PHA spectral data set {card set Q Y,

eg. source size, counting time, source strength, etc. Card set must

be input to define parameters unique to each PHA spectrum in the FHA
spectral data set, eg. zero shift required, smoothing required or not,
source-to-detector distance, energy calibration data, etc. Card @ and
card sets @ through @ are optional. Card set @ consists of the
unknown PHA-spectra to be analyzed and their PHA-background-spectra.
The code will analyze spectra of up to 256 channels, although up to 512

channels may be input and code gain-changed to 256 for analysis.

The optional cards are as follows: Card @ is a single card to allow the
user to study the iterative unfolding convergence, ie. intermediate un-
folding data is output., Card set @ allows the user to replace undesirable
peaks, prominences or spurious spectral counts with a straight-line shape.
Card set @ allows the user to load initial spectral channels with a
straight-line shape. Card set @ allows the user to input the energy of
photopeaks to be analyzed. Card set @ allows the user to input the
channel region of photopeaks to be analyzed. The input of both card set
@ and@ allows the user to give the energy of certain peaks and the
channel region of others. Card set @ allows the user to input energy

as well as channel domain for peaks, in which case the code will use

the input energy as opposed to the code determined energy for such as
efficiency calculations. This last is useful in applications where a priori
knowledge indicates that the energy which the code would determine would

be too approximate.

The input of channel number values must be as recorded by the pulse-height
analyzer. The code will change the input values in accord with requested
shifts or gain changes. In Section 3.2, frounded-up’ refers to the "next
highest integer value', i.e., 3.7 rounded-up is 4. The input order of card

~29-~




sets @ . @ . @ . and must correspond to the spectra of card set @ .

The code output is reviewed in Section 3.3. Appendix IV is a sample output
listing. It corresponds to sample input of Appendix III. Debug type output ‘
may be obtained by input of M(8) = 8 on card @ . The user is cautioned with
respect to profusion of output under this option - - - a trial using sample data

is recommended first.
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3.2 Card Input Details

Card g:) (one card; once only)

NAME COLUMN FORMAT DESCRIPTION , PURPOSE OR USE

SET 1-10 F10.5 Total number of spectra to be
unfolded by a code run
(= RUNS * @JS@ * number of
times card to (4) input)

Card g:) (single card)

CASE 2-72 A User's problem description
(column 1 for (alphanumeric)
printer control)

Card g:) (single card)

M (1) 1-3 13 Signal for routing after response
: matrix generation
> 0 CALL EXIT
= (0 Continue
< 0 Return to READ card @

M (2) 4-6 13 = 0, use existing response matrix
# 0, generate new response matrix
using existing standard spectra

M (3) 7-9 | I3 If + 0, read card (iterative
unfolding output signal)

M (4) 10-12 i3 If # 0, read card (replace
peak with straight line)

M (5) 13-15 I3 If # 0, read card (dead
channel fill-in)

M (6) 16-18 13 If # 0, add photopeak contributions
to iteratively unfolded continuous
photon number, else separate

M (7) 19-21 I3 If £ 0, SINGLE called for peak
analysis
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NAME COLUMN FORMAT DESCRIPTION, PURPOSE OR USE

M (8) 22-24 13 Debugging output if # 0

M (9) 25-27 i3 If ¥ 0, the peaks analyzed by
SINGLE are corrected for source
decay

M (10) 28-30 13 See Table I (routing option)

M (11) 31-33 13 See Table I (routing option)

M (12) 34-36 13 See Table I (routing option)

M (13) 37-39 I3 If=0, out‘put the GANE reduced
PHA spectrum prior to unfolding

M (14) 40-42 13 If # 0, ENLIN called before entry
to SINGLE (subsequent ENLIN call
by-passed)

M (15) 43-45 13 : If +# 0, output the iterative unfolding
convergence differences

M (16) 46-48 13 If # 0, do not correct for source
decay, i.e., assume decay
factor = 1.0

M (17) 49-51 13 If + 0, output the PHA spectrum

M (18) 52-54 13 If 4 0, by-pass final result compu-

tations, i.e., by-pass GE@MTR

NOTE: The choice of non-zero values required for M (1) is arbitrary, however,
positive subscript index values will aid in identity, e.g., if M (7) + 0
then input as = 7; the user is cautioned that arbitrary negative values
are allowed for M (11) and M (12) in accord with Table I.

Card @ (single card; last 5 variables usually blank)

ELIMIT 1-10 F10.5 The energy of the upper edge of
the response matrix highest channel,

(MeV) (CHANLS * BG(D/\/G;

see cards (6) and card set 0
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NAME
a15¢

FMM

@N

HITMAX

EPS

o

NOTE:

COLUMN
11-20
21-30
31-40
41-50
51-60
61-606
67-72
if @N Zero
if HITMAX "
if EPS "
if RX "
if H "

Cardfl

Card @ refers to a deck of cards of which two kinds are allowable,

as existing in storage.

namely: or

(
(
(
(
(

FORMAT
F10.5

F10.5

F10.5
F10.5

F10.5

Fo.4
Fo6.4

or blank)
" 11 )

1 H

)
n 1 )
)

1 "

code

1]

n

i

DESCRIPTION , PURPOSE Of USE

Loop limit; number of sats of
, ) SN
source data {card %ts@ through

@, except ﬁefere loopback

to READ car‘dv@ .

If < 0 READ a response maftrix,
(card set @ Y,
= ( use alreadyomputed matrix,
> 0 generate new matrix; CALL
SHAPE. Choice of values
are arbitrary, eg. -1, and +1.

The size of the response matrix,
ie. number of channels; also
the size of final flux spectra,

< 40.0,.

The maximum number of unfold-
ing iterations; an even number
such as 50.0 unless iterating
input per M (3) required. <100.0.

Convergence tolerance at which
iteration will cease. eg. .0002,

Radius of Nal(Tl) crystal, cm.

Cylindrical length of NaI(Tl)
crystal, cm.

|
o]
o

sets .
" = 50,
" .0001
! 3.81 cm. 1
" 7.62 cm. (=3")

Card set @ will be input, if MM > 0; read by subprogram SHAPE and
a response matrix generated,

Card set will be input if MM < 0; response matrix input to program

MAIN.

Neither set input if MM = 0, ie. a correct response matrix assumed
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NAME
Card Set @

COLUMN FORMAT

DESCRIPTION , PURPOSE OR USE

(NPHA, NSJ, NFNJ, NSXT, NFXJ and SHIFT are defined in Figure (11). |
Card @ - 1 (single card) (See Figure 4)

NSTAND

NPHA

NXLIM

UNGAIN

1-5 I5
6-10 I5
11-15 15
16-25 F10.5

The number of standard source
spectra,

The count in the first NPHA channels

of each standard spectrum are re-
placed by the count in channel
NPHA + 1.

Number of channels in a standard
spectrum (< 260).

The reference coarse gain of the
pulse-height analyzer, Use 1.0,
2.,0,4.0, 8.0, 16.00r32.0

(for future code extension).

Card Set 6A) - 2 (I=1 to NSTAND cards) (See Figure 4)

ALABEL (1),
BLABEL (1)

NSJ (1)

NFNT (I)

NSX] ()

2A3

2-6
11-15 I5
16-20 I5
21-25 15
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Standard source idenity. Must be
one of CD109, SC47, HG203,

CR51, SR85, CS137, MNS54, NB95,
ZN65, NA22, C@60 or NA24 in
card field: see Section 2.2.2.1

A Gaussian-~plus-straight-line
function is fitted to standard
spectra from channel NSJ to NFNTJ.

A Gaussian-plus-~straight-line
function is fitted to standard
spectra from channel NSJ to NFNTJ.

X-ray peaks between channel
NSXJ and NFXJ are subtracted
from standard spectra; if NSXJ
is negative the 0.51 MeV spec~
tra of Nazz and Znb° are sub-
tracted if they are present in
the standard deck providing Sr
(or a substitute 0,51 spectrum)
also exists (-=NSXJ and +NFX]J are
.51 MeV peak channels defining
this fitting range).
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NAME COLUMN
NFXJ (1) 26-30
SHIFT (1) 31-40

FORMAT

15

Fl

0.5

DESCRIPTION , PURPOSE O

¢

NSXT and NFET a:
from standard spescire
is negative the (.51 MeV spec-

tra of Na% and 7Zn%% are subtracted
if they are present in the standard
deck providing &r°° (or a sub-
stitute 0.51 spectrum) also exists
(-NSXJ and +NFXJ are .51 MeV

peak channels defining this

fitting range) .

The channel location (i) of the
standard spectrum true zero
pulse-height. The code carries
out a shift correction,

Card Set (A -3 (NSTAND times NXLIM/10 (rounded-up) cards); (R (I,]),
=1, NXLIM), J=1, NSTAND); (See Figure 4)

R (1, 1) 1-7
R (2, 1) 8~14
R (10, 1) 63-70
R (11, 1) 1-7

R (NXLIM, NSTAND)63-70

F7

F7

F7.

F7.

F7.

o‘l- -

.1

1

1

1

~35-

The count in the first channel
of the first input standard spectrum.

The count in the second channel
of the first input standard spectrum.

The count in the tenth channel
of the first input standard spectrum.

The count in the eleventh
channel of the first input
standard spectrum,

The count in the NXLIMth
channel of the NSTANDth
input standard spectrum.




NAME

COLUMN FORMAT DESCRIPTION , PURPOSE OR USE

The above Card Set @ - 3‘may be summarized as:

10 channels of information/card per 10F7.1 format,
NXLIM/10 (rounded-up) cards per spectrum; if NXLIM = 256
then 256/10 = 25,6 taken as 26, NSTAND spectra.

The spectrum input order must correspond with the order of
card set @ - 2; Na22 precedes 7n® precedes Cob0 precedes
Na24, The order of the remaining spectra is immaterial. If
either Zn69 and/or Na22 input then Sr85 must have been input.

Card Set @

Card Set 6B -1 ((#N x @N/5) Cards); ( (R(J,I), I=1, @N), J=1, @N)

R (1,1 1-11 El1l.4 Response Matrix Element 1,1

R (1, 2) 12-22 Ell.4 " " n 1,2

R (1, 3) 23-33 Ell.4 " " " 1,3

R (1, 4) 34-44 Ell.4 " " " 1,4

R (1, 95) 45-55 Ell.4 " " " 1,5

R (1, 6) 1-11 El1l.4 " " " 1,6

(second card)
R (@N, @N) 45-55 Ell.4 " " " &N ,gN
NOTE: The {first @N elements input represent the lowest energy matrix
vector spectrum (analogous to a PHA spectrum); similarly, the
second @N elements, etc. The sum over each vector must =
unity.

Card Set @ - 2 (@N/2) cards)

Q (1) 1-7 F7.4 Mid-increment energy of first
energy interval of response of
matrix.

Q (2) 8-14 F7.4 Mid-increment energy of second

energy interval of response

matrix.
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NAME COLUMN
Q (10) 64-70

Q (11) 1-7

Q (@N) 64-70

Card Set @ -3 ((@N/2) cards)

PV (1) 1-7
PV (2) 8~14
PV (10) 64-70
PV (11) 1-7
PV (@N) 64-70
Car‘ (two cards)

First Card:
BTAG ,BTAGA 2~6
SBETA 11-20
EBMAX 21-30
CYLDIA . 31-40

FORMAT

F7.4

F7.4

F7.4

F7.4

F7.4

F7.4

F7.4

F7.4

A4 ,A2

F10.5

F10.5

- P10.5

~37=

enargy interval
matrix,
Mid-increment energy of
eleventh energy interval of
response mairix.

Mid-increment energy of @Nth
energy interval of response matrix.

Mid~channel value of first
channel of response matrix,

Mid-channel value of second
channel of response matrix.

Mid~channel value of tenth
channel of response matrix.

Mid~-channel value of eleventh
channel of response matrix,

Mid-channel value of @Nth
channel of response matrix.

Unkhown source identity
(alphanumeric)

Unknown source strength, curies;
see page 23 footnote.,

Unknown source maximum or
reference energy, MeV; see
paye 23 footnote,

Unknown source cylindrical
diameter, cm.




NAME COLUMN FORMAT DESCRIPTION , PURPOSE OR USE

TH 41-50 F10.5 Unknown sournce half-life
(optional units; see UT this card).

RUNS 51-60 F10.5 Number of spectra per unknown
source data set, < 20.0,

CHANLS 61-66 F6.0 See footnote; <260

UT 67-72 F6.0 Multiplier for TH:

UT = 0.0; TH in years
= 1.0; TH in seconds
60.0; TH in minutes

24,0; TH in hours

= 365.0; TH in days

(Values other than these will
cause output of error flag
followed by CALL EXIT)

Second Card:

M222 1-5 15 The number of peaks to be fitted
with a Gaussian for which channel
limits will be input (per card
set @ ) < 20-M66; See card set

note,

M66 6-10 I5 The number of peaks to be fitted
with a Gaussian for which only
the energy is to be input (per
card set @ ); < 20-M22.

MZ 11-15 i5 " The number of channels . in each
spectrum, to be loaded with zero
counts (beginning at channel 1).

MNX 16-20 15 See footnote; <512

Footnote: The code will expect unknown spectra of MNX channels (MBX for
backgrounds) to be input; it will analyze as if CHANLS channels were input;
if 2567 < MNX <512 then unknown spectra are reduced to 256 channels by DEC
calling GANE and analysis carried out on CHANLS channels; if MNX = 0, then
CHANLS channels are input and analyzed.
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NAME COLUMN FORMAT DESCRIPTION, PURPOSE OR USE

)

MBX 21-25 15 Same as MNX, except that it

refers to background spectra;
see footnote; =512 ‘

MSM 26-30 15 If £ 0, smooth spectra before
analysis; use 1.0 or 2.0 for single
or double smoothing pass by sub-
program GANE.

NOTE: BTAG/BTAGA, SBETA and EBMAX may be 'blank', 1.0 and 1.0 if not known
prior to analysis. Actual values are used only for normalizing in sub-
program GE@MTR prior to output of analysis results; see page 23 footnote.

Card Set g ;}

"Number of cards in set @ " =RUNS. Input of card I = 1 detailed below, cards
2 to RUNS similar. Card order must correspond to related pulse-~height analyzer
unknown (beta) spectra, I < 20.0.

DOST (1) 1-7 F7.3 Distance from geometric center
of unknown source to front face
of NaI(Tl) crystal, cm.

TETA (I) 8-14 F7.3 Polar angle of NaI(Tl) crystal
axis with respect to the unknown
source, degrees (a dummy vari-
able for future use).

FIE (I) 15-21 F7.3 Azimuth angle of NaI(Tl) crystal
' axis respect to the unknown
source, degrees (a dummy vari-
able for future use),

DELT (1) 22-28 F7.3 Live time counting duration of
unknown spectrum, minutes.

TM1 (I) 29-35 F7.3 Time duration from reference time
to start of counting, days.

COGAIN (I) 36~-42 ‘ F7.3 Pulse-height analyzer coarse
gain setting for unknown spectrum,
=1.0.

VG (1) 43-49 F7.3 Monitor pulse-height corresponding
to EG(I), channels. :
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NAME COLUMN FORMAT DESCRIPTION, PURPOSE OR USE

EG (0) 50-56 F7.3 Monitor energy corresponding to
VG(I) , MeV.
TTZ (1) 57-63 ~ F7.3 Pulse-height analyzer channel

location of true zero pulse-
height, channels.

BK (I) 64~70 F7.3 BK(I) times a background spectrum
may be subtracted from the unknown
spectrum (if BK(I) negative, then
is added).

BNBK (J) 71-72 F2.0 Background spectrum signal:
< 0 subtract previously stored
background

= 0 no background

> 0 read and subtract background
Background spectra are read follow-
ing unknown spectra with which
they are associated.

Card ‘ (one card input of M (3) + 0)

This card may contain up to 18 integer numbers, which are the
iterating or unfolding loop at which intermediate output is de-
sired. < eighteen indices may be input. The card format is

1814

Example:
MN (1) 1-4 14 Iterating loop index eg. 3
MN (2) 5-8 14 " " " eg. S
MN (3) 9-12 14 . " v eg. 9

will cause subprogram RESMAT to output on iterating loops 3, 5 and 9.

Card Set . (1, 2, 3 or 4 cards input if M (4) + 0) (See Figure 12

N1X (1) 1-5 15 Replace a peak (or other prominence
in spectrum 1 of card set with
a straight line from channel N1X(1)
to N2X(1); count rate in N1X(1) and
N2X(1) , used to determine slope and
intercept of straight line,
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NAME
N2X (1)
NI1X (2)
N2X (2)

N2X (5)
N1X (6)

N1X (RUNS)

- N2X (RUNS)

COLUMN

6--10
11-15
16~-20

46-50
1-5

FORMAT
IS
I5
I5

15
IS5

15

I5

DESCRIPTION, PURPOSE OR USE

See Above
See Above

See Above

See Above

See Above

Replace a peak (or other prominence
in spectrum RUNS, card set @, with
a straight line from channel N1X(J)

to N2X(J); count rate in N1X(}) and
N2X(J) , used to determine slope and
intercept of straight line; J = RUNS.

See Above

NOTE: N2X (5) would be the tenth and last field of first card; the number
of cards(< 4) depends on RUNS.

Card Set @ (1 to 5 cards input if M (5) + 0) (See Figure 12)

NFILL (1)

VAL (1)
NFILL (2)
VAL (2)

VAL (4)
NFILL (5)

1-5

6-15
16-20
21-30

51-60
1-5

15

F10.5
15
F10.5

F10.5
IS

4] -

Replace in spectrum 1 of card set

, channels 1 to NFILL (1) with
a straight line of slope VAL (1)
based on count in channel NFILL (1).

See Above
See Above

See Above

See Above

See Above




COLUMN FORMAT DESCRIPTION , PURPOSE OR USE

NFILL (RUNS) —_ 15 See Above

NOTE:

NS) — F10.5 See Above

VAL (4) would be the eighth and last field of first card; the number
of cards (< 5) depends on RUNS.

Card Set () (1 * RUNS to 4 * RUNS cards input if M66 4 0) (See Figure 12)

This card set is input only when M66 ¥ 0. It must consist of
RUNS * (M66/5 rounded up)' cards corresponding to the number

of unknown energy-specified spectral peaks in card set (13
Fach card contains < 5 photopeak photon energies corresponding

to the unknown complex-plus-continuous spectrum to be analyzed.
From one to 20(=M222) photopeaks may be energy specified per
spectrum ie. a maximum of 4 cards per spectrum.

EUK (1, 1) 1-10 F10.5 Energy (MeV) of the first energy

specified photopeak in card set
first spectrum.

EUK (2, 1) 11-20 F10,5 Energy (MeV) of the second energy-

‘ specified photopeak in card set @
first spectrum.

EUK (3, 1) 21-30 F10.5 Similar to above.

EUK (M66, 1) —_— F10.5 Similar to above.

EUK (1, 2) 1-10 F10.5 Similar to above.

EUK (M66, RUNS) e F10.5 Similar to above.

NOTE: The first photopeak in each spectrum is that of lowest energy with the

remainder being in energy ascending order. The user is cautioned that
peak channels may also be input instead or in addition, per card set
if M222 4 0; M222 + M66 < 20.

Card Set ({2 (1*RUNS to 7+RUNS cards input if M222 4 0)  (See Figure 12)

This card set is input only when M222 + 0. It must consist of
'RUNS* (M222/3 rounded-up)' cards corresponding to the number
of unknown channel-limit specified spectral photopeaks in card

42~




NAME COLUMN FORMAT DESCRIPTION , PURPOSE OR USE

set @ . Each card contains information for < 3 photopeaks.
The information advises code of whether peak is a single peak
or is instead one of a pair, of the upper and lower fitting limits
(channel) and of the energy if it is not known. -

NIT (1, 1) 1-4 14 Signal for first channel-limit-
specified peak of first card
set spectrum:

=1, if a single peak
2, if one of two peaks
in a pair.

il

NSSS (1, 1) 5-8 14 Channel number defining fitting
: limit on low energy side of first
channel-limit-specified peak,
ie. fit peak from channel NSSS(1, 1)
to NFNNN(1, 1).

NFNNN (1, 1) 9-12 14 Channel number defining fitting
limit on high energy side of first
channel-limit~-specified peak,
ie. fit peak from channel NSSS(1, 1)
to NFNNN(1, 1).

EXRAY (1, 1) 13-20 F8.4 Energy of first channel-limit~
: specified peak, MeV

NIT (2, 1) 21-24 14 Similar to NJJ (1, 1).

EXRAY (3, 1) 53-60 . F8.4 Similar to EXRAY (1, 1).

NJT (4, 1) 1-4 14 Similar to NJJ (1, 1).

EXRAY (M222, RUNS)— F8.4 Similar to EXRAY (1, 1}.

NOTE: The user is cautioned that peak energy data may also be input instead
or in addition, per card set @ if M66 ¥0; M222 + M66 < 20, If
M66 = 0 and M222 %0 then photopeaks data may be input in any energy
order; if M66 +0 and M222 #0 then input is expected in energy ascend-
ing order, Where data is input for double peaks NJJ(I ,J) and NJT(L,7+ 1) =
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NAME

COLUMN FORMAT DESCRIPTION , PURPOSE OR USE’

2 and 0, respectively, then energy ascending order is expected if
EXRAY (I,]) specified, An example of input data for double peak
(I and I + 1), is given (indices omitted):

NT]J NSSS NFNNN EXRAY  NIJJ NSSS NFNNN  EXRAY
2 46 — 0.501 0 7 66 0.575

This specifies that the code shall carry out a double peak analysis
between channels 46 and 66, that peak energies are 0.501 and 0.575 MeV
and that the peaks are approximately 7 channels apart. The code analysis
will determine the actual separation distance and thus 7 is given only as
an estimate,

Card Set @

The number of cards in this set = (CHANLS (or MNX) * RUNS/10.0 +
the number of background cards if any)*., The cards will contain
the unknown source spectra to be unfolded. The number of specira
which may be input is limited by the DIMENSION (20) = RUNS. The
spectra, corresponding to card sets and , may be stacked
together. A background spectrum, if input, must directly follow
the unknown spectrum from which it is to be subtracted. Twenty
unknown spectra, each followed by a background spectrum, are
regarded as twenty spectra from the standpoint of 20 being the
maximum number. Each spectrum contains CHANLS (or MNX)
channels and background spectra must correspond*, Each card
contains 10 channels of information. Thus, the following is
typical of card set @ as read by subprogram DEC:

1-7 F6.0 Pulse-height analyzer count in
channel 1,

8-13 F6.0 Pulse-height analyzer count in
channel 2,

15-20 F6.0 Pulse-height analyzer count in
channel 3,

64-70 F7.1 Pulse-height analyzer count in

channel 10.
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NAME COLUMN FORMAT DESCRIPTION, PURPOSE OR USE

S (11) 1-7 F7.1 Pulse-height analyzer count in
channel 11.

S (C.HANLS)* —_ F7.1 Pulse-height analyzer count in
channel CHANLS, *

(last card in spectrum)
* For input purposes, if MNX > CHANLS then replace CHANLS above with
MNX for unknown and MBX for backgrounds, ie. CUPED will read spectra

up to 512 channels in size (per MNX and MBX) but will immediately re-
duce them to CHANLS = 256,
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3.3 CODE OUTPUT

Throughout the discussion in this section, reference to Appendix V,
Sample Code Output Listing, is necessary and understood. Those out-
puts which are clearly defined by format headings are either not dis-
cussed or are mentioned only briefly. Output pages are referred to

through the encircled letters A, B, C, etc.

A. The values on this page are output by MAIN, and are as input on
card sets @ to @ , with the exception of EM(=EN/ELIMIT) and the obvious
modifications to NaI(Tl) crystal dimensions (note the units are output in

inches).

B. The values on this page are output by SHAPE, and correspond to
those standard source speciral parameters input on card sets - 1and - 2,
Indicated channel numbers are those values after shifting with respect to

true zero channel has been carried out.

C. The values on this and following similar pages are the standard
source spectral counts corrected for input in the complement mode and
true zero channel. This output by SHAPE corresponds to card set -3

input.

D. The results of the Gaussian function regression analysis by STDFIT
for the standard spectra photopeaks are output on this page by RESGEN,

The output is self-explanatory.

E. The output on this and the following similar pages, by SHAPE,
consists of the Compton continua of the standard source spectra nor-
malized with respect to unit photopeak area and a pulse-height of 100

channels.
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F. This page presents the response matrix generated by SHAPE and
output by MAIN. It corresponds to that input which would be required
for card set -1.

)

G. This page presents the energies (MeV), pulse-heights (channels)
and photofractions corresponding to the generated response matrix, at
increment midpoints, as determined by SHAPE and output by MAIN, The
energies and pulse-heights correspond to that input which would be required
for card sets - 2 and - 3. The photofractions correspond to the solid

curve in Figure 6. 4

H. The output on this page, by MAIN, corresponds to the input speci-
fied for card sets @ and @ , excepting that the units in some cases are

modified before output.

I. Optional output by MAIN giving the indices for which unfolding
iteration output has been requested by input of card .

Output by MAIN of the options requested through input of card sets
0.0 0w,

K. The output on this page by MAIN corresponds to the (first) spec-
trum to be analyzed and as input on card set @ . Background spectrum

subtraction and complement mode correction is carried out before output.

L. Output of spectrum before entry to SINGLE; in the example the result

of smoothing is demonstrated.

M. The output on this page by SINGLE is self-explanatory and refers
to the fitting of an input specified monoenergetic spectral component of the

unknown spectrum.
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N. The output gives the PHA spectrum after stripping of photopeaks and
associated continua by SINGLE; gain parameters for subsequent unfolding are

also output.

O. The optional output on this page by MAIN corresponds to the unknown

spectrum after gain changing and before unfolding analysis.

P. The output on this page by RESMAT is that requested by input of
card . It consists of the gain changed unknown spectrum normalized
to unit integral count; output at loop IT, corresponding to that requested
(per MN), of the determined photon number spectrum (PHI) and the iterated
input spectrum (PP); the iterated spectrum and the iteration convergence
loop (IT), the normalizing integral count (SU) and the final value of the

iteration arresting criterion term (TERM = XZ , Pearson's Chi Square).

Q. The output on this page by XTAL is self-explanatory and consists
of the components of the diagonal efficiency matrix, n, defined by equa-

tion (10) of section 2.2.5.

R, The optional output on this page by MAIN, consists of the effi-
ciency corrected and unfolded spectrum after post-normalization and the

2
rate of convergence or fitting differences, during unfolding (AX ).

S. The optional output on this page, by MAIN, is self-explanatory

and consists of NX(E) and IX(E) , as already discussed in section 2.2.6.

T. The output on this page, by MAIN, is self-explanatory and consists
of SUMNUM, SUMENY, D (Equation 14), AVENGY, etc. in the order of,

and as already discussed in, section 2.2.6.
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4. SUMMARY AND CONCLUSIONS

\

A FORTRAN-IV IBM~360 package code has been developed for the rapid
analysis of bremsstrahlung spectra. The code is readily applicable to
the analysis of sodium-iodide scintillation detector complex continuous
spectra. The response matrix generating portion of the code is suitable
for use as a separate entity for problems in spectral analysis such as are

encountered in the various fields of gamma spectrometry.

The code employs an iterative unfolding method which has been used

, 4,5 6
successfully by its authors, N. E. Scofield (4.5) and R, Gold ( ), by the

present author (1-3' 18) . and others (7) . While this method is approximate

because of the iterative technique used, it generally is the most suitable
where continuous spectra are involyed. It is suggested that degree of
accuracy be the subject of future work, wherein the iterative method re-
sults would be compared with results obtained by other methods. The
best value of the maftrix size consistent with non-oscillatory good results

(18)

and computer efficiency would be of interest here Contract circum-
stances did not allow for detail studies during the development of code

CUPED.

It is proposed that the response matrix generating portion of the code be
made more versatile by studying the use of additional standard sources.
Contract circumstances did not allow a detailed debugging of the code in
the energy range 1,4 to 3.0 MeV, It is mentioned that during the code
development, considerable difficulty was experienced in using Nazz
because of the relatively high intensity of the 1.28 MeV photopeak relative
to that at 0.51 MeV, thus Zn65 is recommended instead. Further work is

22

proposed with a respect to use of the Na spectrum above 0.6 MeV.
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The 200 channel Pu02 spectrum of Figure 7 represents only half of the ex~
perimentally measured spectrum. The complete 400 channel distribution is
shown in Figure 13, This spectrum is repeated in Figure 14 with a non-linear
pulse-height scale proportional to the detection system resolution (19); the
peaks in both figures are numbered for comparison purposes. The advantages
of this form of representation are self-evident. Photopeaks are given equal
importance throughout the energy range of measurement. It is proposed that

the further incorporation of an energy non-linear analysis unfolding method

be considered for code CUPED,

It is concluded that the developed code ,CUPED, is an operable and useful
addition to the field of scintillation spectrometry. It allows the semi-
automatic generation of detector system response function matrices, spectral
unfolding process and final analysis of unknown complex-continuous spectra
to be carried out in a single computer run, i.e., without human interfacing.

It is very suited to on~line applications.
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PATH 3

SURROUTINE SHAPE RCAD
STARGARD SPECTRA
SHEFG 4

INITIALIZE
VARIABLES

SUBROUTINE DEC READ
UNKHOWN
AND BACKGROUND SRECTRA

READ
RESPONSE MATRIX
& ASSOCIATED PARAMETERS

GENERATE
RESPONSE MATRIX
{CALL SHAPE)

PATH 2

READ
VARIABLES FOR
RUNS' UNKROWN SPECTRA

LOAD EMPTY STORAGE ADDRESSES
(CALL OMITS}

READ
IGNALS FOR
ITERATIVE UNFOLDING OUTPHT

LoPTION M(3120

8, SPECTRA AS
{CALL DEC)

E———)

CHECK FOR COMPLEMENTED -
COUNTS AND SUBTRACT

SHICT AND/ OR SMOOTH
UNKNOWN SPECTRUR
(CALL GANE}

CURRECT SPECTRUM
FOR NON-LINEAR
ENERGY RESPONSE

(CALL ENLIN)

R 1

DETEAMINE MONOENERGETIC
SPECTRUM CONTRIBUTION
(CALL SINGLE}

DECAY CORAECTED
MONOENERGETIC PHOTON
FLUX DATA ‘AT DETECTOR'

UNFOLD UNKNOWN SPECYRUM WRITE
14 ACCORD WITH TABLE | OPTIONS | OPTION [ GAIN CHANGED SPECTAUM
M{10}, W11}, K12} MLE3) = BEFORE CALLING 'SOLN'

{CALL ENLIN, XTAL, GANE, SOLN, OPTIONALLY)

ADD MONOENERQETIC
PHOTON SPECTRUM TO
CONTINUOUS SPECTRUM

WRITE
ITERATIVE UNFOLDING
DIFFERENCES

COMPUTE DECAY FACTOR
FOR USE IN SUBPROGRAM
GEOMTR

(CALL DECAY}

]

i

=0

CORRECT FOR DECAY & COUNTING
INTERVAL: COMPUTE DIFFERENTIAL,
AND INTEGRAL PHOTON NUMBER
ENERGY DOSE RESULTS;
NORMALIZE RESULTS WITH RESPECT

T0

PATH

{CALL GEOMTR}

JJQJ‘*I lﬁ

J JS@S+

1

FIGURE 2

CODE CUPED SIMPLIFIED
FLOW DIAGRAM
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%0

READ
SS PARAMETERS
AND SPECTRA

i

IDENTIFY, COMPLEMENT
AND SHIFT §S SPECTRA

1

FIT AND SUBTRACT PHOTOPEAKS
AND DETERMINE GAIN/EOUNTY
NORMALIZED COMPTON CONTINUA
OF MONOENERGETIC S5 SPECTRA

{CALL RESGEN}

NOTE- 1. SHAPE CALLED BY MAIN: €SING =0
SHAPE CALLED BY SINGLE: ESING 70

2. Fy= K X-RAY ESCAPE FRACTION

3.8V’ = FAACTIONAL DEVIATION OF
PULSE HEIGHT FROM LINEAR
RESPONSE, V'

4. S MEANS STANDARD SOURCE

I

FIT AND SUBTRACT PHOTOPEAKS
AND DETERMINE GAIN/COUNT
NORMALIZED COMPTON CONTINUA
OF COMPLEX S5 SPECTRA, E. G.
€080 AND Na?

__(CALLCOMPLX)

j 1

ESING

Y

ORDER NORMALIZED
' CONTINUA WITH RESPECT
_ _ TOENERGY

E-aj* AE-AE/2

V- N*E/ELIMIT

i

DETERMINE & V'
{CALL PULSE}

‘ V&V + sV l

< 0.6618 MaV

/ E\ > 0.8616 MeV

|

hVd

i

DIRECTLY I}OTERPOLATE
NORMALIZED CONTINUA
FOR REQUIRED ENERGY

INTERPOLATE NORMALIZED

CONTINUA FOR REQUIRED ENERGY"

8Y ‘METHOD OF PARTS'
[CALL POLATE)

DETERMINE F, -
{CALL RAXEL’(

i

ADD PHOTOPEAK OF

AREA F\ TO CONTINUUM
(CALL PEAKS}

RETURN TO SINGLE

AREA (1—F, ) AND ESCAPE PEAK OF

REDISTRIBUTE THE

GENERATED CONTINUUM PULSE-
HEIGHT TO GAIN V, [E. FORM RESPONSE

MATRIX VECTOR
{CALL GANE)

I

NORMALIZE MATRIX

VECTOR INTEGRAL TO UNITY

Bl =i |

| RETURN TO MAIN }—-
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.-8 9_

RELATIVE COUNTS/CHANNEL
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Table I

Allowable Values of Input
Options M(10), M(11) and M(12)

\\ Called Subprogram Operation Identifier (Defined Below)
M) \t 1 2 3 4% 5% 6 *
M{10) 0 0o 0 10 0 10
Milt) 0 11 -11 y 11 11 11
M{12) 0 12 12 0 -12 12
Subprograms | GANE ENLIN |XTAL ENLIN |ENLIN |ENLIN
Called XTAL GANE S@LN GANE XTAL
(See Appendix | RESMAT | GANE XTAL
I for meaning) | XTAL RESMAT " IRESMAT

RESMAT

Example:

M(10), M(11), M(12) =0, 11, 12 causes the code to correct an

unknown spectrum for non-linear energy response, detection efficiency,
gain change (e.g., from 200 to 30 channels) and then unfold. N. B. M(14)
dictates whether ENLIN is to be called before or after entry to SINGLE. '

* Not normally useful, i.e., for study or debugging purposes only.
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NUMBER _

1

10

12

13

APPENDIX 1
GLOSSARY OF PROGRAMS FOR CODE CUPED

(in alphabetical order, except for MAIN)

NAME FUNCTION or USE
MAIN Input, output and linking of
subprograms.
AIRABS Computes air attenuation
factor. (F)
CIAD Computes detector cladding attenuation
factor. A (F)
COBALT Control program for photopeak

fitting and subtraction.

C@MPLX Analyzes COGO and Na22 standard
spectra for SHAPE, '

DEC Reads pulse-height analyzer spectra;
-checks for PHA~complemented counts.

DECAY Computes source decay correction
factor. (F)
D@SE Converts gamma photon flux to dose. (F)
EFFIC Computes elements of detector inter-
action efficiency vector. ()
ENLIN Applies non-linear energy response

correction factor.
FC Crystal interaction efficiency function. (F)

FIVE Controls fitting and subtraction of Na22
escape and 0.51 MeV peaks.

FUNUS Photopeak fitting function, partial
derivatives and Chi-square term for
STDFIT (one Gaussian plus straight
line) .
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14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

FUNUS II

GANE

GAUSS

GE@MTR

GUESS

GUESS 2

@MITS

PEAKS

PEEK
PERSPX

PZLATE

PULSE

RAXEL

RESGEN

RESMAT

Photopeak fitting function, partisi
derivatives and Chi-square term for
STDFT 2 (two Gaussians plus siraight
line) .,

Gain changing program; also spegtral
shifting and smoothing.

Computes Gaussian photopeak for
given parameters.

Computes geometry factors, integrates
number and energy spectra and calculates
normalized dose data for final code results.

Provides initial estimates of the photopeak
function parameters for non-linear regression
analysis in subprogram STDFIT,

Provides initial estimates of the photopeak
function parameter for non-linear regression
analysis in subprogram STDFT 2.

Code for insertion of repetitive variables
omitted on all but first-card of set.

Adds photopeaks and escape peaks;
computes photofractions.

Computes Gaussian function ordinate. (F)
Computes perspex absorption factor. (F)

Interpolates normalized Compton continua
by the method of parts.

Computes the detector system pulse-
height at a given energy. (F)

Computes NaI(Tl) iodine K X-ray
escape fraction. (F)

Orders and normalizes standard
spectra for response matrix inter-
polation.

Pulse-height analyzer spectrum
unfolding according to the Scofield
algorithm.

71~




]
.

31

32

33

34

35

36

37

38

SIMPSN

SINGLE

SPLN

STDFIT

STDFT 2

TA

TE

VECTMX

XTAL

Control program for response matrix
generation,

Simpson's rule integrating program
for function FC.

Determines monoenergetic spectral
contribution.

Control program for unfolding and
detector efficiency correction.

Non-linear regression analysis of

standard spectra single photopeaks.

Non-linear regression analysis of
standard spectra photopeak pairs:

Binary table searching program.

n-degree Lagrangian interpolation
program.

Determines the index and value of the
maximum valued element in a vector of

elements.

Controls computation of detector total

efficiency.
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APPENDIX IV

SAMPLE OUTPUT LISTING
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—BRIEF BESERIPTION BF PHA RUNS—
TEST RUN PUO2 400 CHe TD 286, 6 PEAKS

CONTROL NUMBERS

e — WM B M- 5 —~ Gy ———
Mg 7) = 7 M{ 8) = 0 MW o9 = 2 Hl(ly) = 9 M(11) = 0 M(12) = n
H{13) = 6 M(14) = -0 MI5)- o 15 —MHEo 16 —METI = A B = e
M{19) = 6 M(20) = 0 M(21) = N M(22) = 9 M2¥ = 0 M(24) = n
EW = 1D, 00000 CHANNELS/MEV
ELIMIT= 2,00000
ITERATIVE ERROR TOLERANCE,EPS = 0, 00010
NUMBER NF BETA SOURCE SETS,0JSD = 1 MM = 1
MAX NUMBER OF ITERATIONS,ITMAX= S51
NUMRER OF CHANNZLS INPUTy N = 260
NAT(TL) CRYSTAL SIZE = 3,70 X 3400 INCHES,

STANDARD SOURCE SPZCTRAL PARAMETERS
7 SPECTYRA IN STANDARD SOQURCE DECK
CHANNELS ONZ TO 8 ASSUMED AS REDUNDANT
RZIFERENCE COARSE GAIN = 1.09090
STANDARD PHITORFE AK X=RAY OR o5 PEAK SHIFT PHOTOPE AKX
SNURCE FROM TO FROM i) SPEZTRUM ENERGY
CHANNEL  CHANNZL CHANNZL  CHANNEL CHANNELS MEV
HG2N3 10 150 15 (%4 o Ne27997
SRBS 110 145 4 A e faS18NG
25137 110 147 b} L} fe 0e566162
NRas 11 144 n A Ae feTE4NE
uN G4 119 144 [ l ") NeB3507
INGS 115 143 54 67 [ 1211400
cOs0 123 143 A " ~1e2000 1.33200

B
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N 2 2 &y —B0Rv— - e —B8Ie— - -
1194, 1047, 1061, 1110, 1051 1223, 1387, 1632, 1781, 1874,
17 34e 15440 — 1324+ —- 1333« - H421o— — — 2822+
3782, 5941, 8361, 10705, 11311, 10229. 79626 85928, 47324 4n17,
3386 2680 ¢ 1062¢ — 44230 4 dte—— OFho 008 o OBGe——B0S, . _1I80,
1723, 1074, 1134, 1123, 11950 1317, 1330, 1399, 1562, 1684,
1829, 1911, 2048+ 1983« 1963 1887¢ 1860 1684, - 18678, 1509,
1425, 1269 1271, 1175, 1127 11795, 1037, 993, 983, 948,

920, 929, G524 921 963 - 918 98D o 1002 --I038, . 1047,
1166, 1071 1¢63, 1137, 131, 1168, 1088, | 1182. 122%, 1271,
1237, 1251« - 32608 - - L3 12636 - . - - 1898,
1543, 1513, 1689, 1833, 1337 2298, 2796, 3528, 48576 6194,
A118, 10850 ¢ 13586 17636¢ 23230 23422, — 258348, . 28083, 29117, 29829,

2R3KA, 27557 25426, 22621, 1324 3, 16047, 12748, 9898, | 7310, 53493,
3635 2413, 1624, £89. 361 3180 - 1B —122e. -  — B2e 78,
28, 44, 16, 56 586 27. 31, 33. 3N, a2,
354 404 41, ~41 e Qhe —_— A 31 AYe o BBe o 26
56 31 46, 31, 53, 28, 32. 34, 48, 48,
41 37, 37, 26v- 3t 3¢ — —4Fe.. —— 40, 43, 30,
35, 324 426 27 2S5é 37, 25 25 37. fe

STANDARD SOURCE-SPECTRA - - — -~ -

SPAS SNRCE - ST
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1R83, 1927, 1843, 1959, 19z 7. 2724, 2N1 9, 2127 2176 2129,
20 K2 2040, 2N57, 2962, 20585, 20004 2098, 2n68. 29980 2091,
2175, 119, 2241, 2225, 222 3. 2376, 22B6e 2353, 2358 2570,
26A5. 2920 3639, 3038, 32u Re 3108e- 3048« - 2938, a538. 2866,
PT70R, 2842, 2715, 2742, 26b Ve 2655, 26306 251 6o 2587, 2642,
U3 2560, 2581, 2515, 2439 2544 2676¢ 2623, 2775 272t
Z7E€T7e 2896, 2753 2823, 2858, 2774, 292%, 2688, 2796, 2611
2615 2453, 22586 2198, 1959, 1795, 1564, 1416, 1343, 1252,
1274, 1206. 1126, 1196 1139 1380, 1N42, 1741, 9740 941,
Q27 G464 887 C47Te 9 7e 868 869¢ -6286e 971 Q76
71 1716, 113¢, 1235, 1339, 14774 1726 2311, 2873, 1943,
5384, 733t 9CI7e 12520 15779 18960 ¢ 21819, 24258, 2565, 26334,
24784, 226766 19€49%, 15234, 1253 7 -1 WY 6186, 4NE8, 2538. 1472
K13, 388, 177 84, 3= 30 3. 2. ~1Se 28,
Jae 1e Te 13 Heo 1. 17 15, 28, Lo
15, 20 30, 25, 1o 150 LY 14, 18+ e
-7 8 22, 2%, P e 13, 9e 11, 3e 13,
23, 15, 21 10e e 16. =1e 23 13,6 24

Sae 17e Ge 18, ' B Se 11e Ge 240 Ao
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e S - BTANDARD -5 QURCE SPECTRA - — —— — IR

€8137 SOURCE e e e S -

e Ae 391e 26600 —8868¢—— 18891 - +1166e -~ 3228+ 2239, 313,
2795, 2n9%. 2222, 2348, 2280, 22864 2169 2125 2195, 218%.
2166, - 2247, 2251 2348¢ - - -233De— 32200 --- 32760 - - 2300 23824 28164
2510, 2591, 2643, 2764, 30200 3z2na. 321 6. 3312 3354, 3103,
3160, 2073, 20876 207%e — 28620 — 20850, — . 2881, 2800, 2866, . 2771e

. 276D 2691 . 2669, 273Se 26946 2665, 2697, 2740, 2711.. 2620
2745, 2652, 2665, 271 7e 2719 Te 2660 o 27460 268850 2668, . 2729,
2703, 2833, 26984 2754 27U 6 274Se 2658, 2888, 278R, 2761,
PANT, 2751 e 2857 2043 2865 ar7re. 2744, 25806 24760 2344,
2098, 1992, 1633 1487, 13 1. 1231, 1118, 1086 988, 9164

921, 817 819 7736 T 6o 244 752e¢ . T40e 739 570
775 761, 835, 873, 100 &, 1192, 1182, 1388, 1775, 2272,
3062, 4099 K740, 7¢98. 1988 3¢ 13682 16386e 19338 208R 86, 22nr4a.
21289, 19441, 16843, 13395, 1701 9, T"G6 ¢ 4634, 28660 1564, 843.
415. 174, 172 39. whe 21. - 19s - Te 15

3%, 504 Ay 46, 53 53. a5, 44, 3% 22.

43, 17« 21 17 8¢ 35. 13e 8e 2% 14a

22a 12, Se Te Ne 17 19 -Te LY 11

Se 23 3 2n0e -Te" Re 22 11e Pe 7o

156 14, 2% 18 BSe L 124 1% 13, e

STANDARD SOURCE SPECTPA

NRAR SOURCE

Ul oA, 2668, 3I593. . 474t 3231, 2654, 2673, 2671, 2647,
26294 2845 2677, 2337, 2779, 2771, 2795, 2701, 2802, 2917,
PRER. 20673, 2932, 2963, 3174, 3165, 3140, 3318, | 3364, 34718,
2R1Je 46:3] o 41324 4364a. 431 2, 41974 ANB N o BR67. 1927, ARS8,
337, 3992, 3733, 36884 379 66 3759 kR 2T 3739, 3813, 3508,
1565, 3545, 35794 3637, 334 % 3518, 357, 35185, 3891, 3525,
135/, 3561 3432, 3420, 343 9. 3634, 3373, 3I5F & 3541, 3678,
3497, 35184 3495, 3529, 335 3. 3542, 3494, 3362, 3507, 3519,
3566, 3538, 3649 36740 35386 3725 3784, 3734, 3776 3669,
I655, 3375, 2135, 2¢ 84e 251 6 2245, 2916, 1728, 1565 1518,

12726 1115, 1147, 19340 965, a25, L1:7. % ar1, BAG,

A2l 924 1rea, 1353 1184, 1278, 1845, 19324, 23p1,

1354, 4731 6471 o 98482, 1231 24 15121, 19855, 23267, 25337, 25389,
28227 22348, L1B716e 14126a 993 Ve 6597, 3934, 21A3, 1284, 478,
246 139, 39¢ 13 23 28 2 38a 14, 7o
21, -1, 7o 3 Be 28, 7. 18 17, 17,
17, 24, ' i2e I 11. 12, ~11e 2r,

A 15 6o “de -1 17 Se 6o 17, A

-y 13 19 sl 2 3 17, 2. 24 Ao 7.
19 be 1e 8 i, 11. 7. fe 13, .
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MNS4 SOURCE

TMAS SOUQCE

e
2760,
I5r2,
14,
33c7,.
3033,
SARAe
2912
28R4,
3774,
2y 23,

anra,
LR -
fR37 5.
73
1€,
25
~18,
~1G,
k0

Ne
28794
3544,
367N,
324S5,
3618,
5626,
2737,
2778,
372Q,
2913,

B3
16846
167860
7.
22,
—~4 4

~ 23
1%

hry

2180+«
2144,
2338+

. 31213,
2679, -

2558,
2831,
24974
2629,
2598,
802
533
41160
13377
12
Qe
18,
164
=3.
=1l

2E85.
2787,
3740,
3737
3195
2997,
4680,
2537
2943,
3228

P?545. -

E72,
2834,
12845

~1%e
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17
3.
-3

S aiim s e C

—BFRANDRRT S

sneeens

BUREE-

ERELTRs

2048+ 19260 2036. 2018,

2213
~2¥27e
2794,

2633,
2480,
26584
2850,
14AR.
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1218,

- 18792
731,
~3a
17
156a
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11,
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3345,
3Q32.
3354,
2006,
5240,
2705,
28624
InTa,
3383,
1673,
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ana,
1G.
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2132, 214 7 2967, 2146, 2203,
2247, 2201 23814 — —2408¢—— AEH04
3163, 3022, 3nsa, 2913, 2931,
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2487, 2539, 2576, 2827, 2574
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2573, 2552, 2491, 2445, 2608,
2725, 27626 2800, 27624 2787,
2535, 2400, 2257, 1918, 1742,
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5760 Tan, 784, 870, 1018,
65784, S1c4s  197A%, 13782, 16576
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17 i 6o ~1a 160 - - 3
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e 3. Se o0 17e . v 3Ba_
-11. Se 4, 1. 8.
~3e PEN 1e - Ve 6o
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STANDARD 3O0URCE SPECTRA
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LYY 41z S 4307, A2Q7, 3248,
3552, 3611, 1608, 3675, 3an6,
3085, 3222, 33100, 14, 31600
3778, 313 5. 3341, 3865, 4377,
3808, 3085, 2914, 2R56. 2709
2789, 2851, 2000, 2821, 2816,
2937, 3339, 2062, 3766, 3163,
3319, R 3a0a, 2587, 3827,
2250, 1935, 1733, 13260 1240,
T4ade 74 Be 843, 852 B45,
4256 ¢ BL17 2 QArSN 12199, 15770
atsz, S9¢ Ve 1343, 1815, 786,
-8, -6 23, 3. ~18,
Se L2 15, 22, 12,
19¢ P 52, 54 -29,
i, it ~1, 17, Q.
6o - fy 2. 10,
a, -5 7e 9, -3,

-112~

Ba

- 2688s -

2083,
2165,
3nS7e
2A7T8,
. 2868,
2585,
2628¢
2589,
2870
1229,

599,
1528,
18628,

327,

2987,
33€5.
3837
3322
2€a2e
57260
281
2884,
3167
3478,
Inn7,
1210,
19974,
1¢4e
25
~Se
-3,

°
“3a
e




| STREEY

Py e

o

4N aAn

cnen SMRCE

Tty
AT4T,.
1rafa,
10246,
ROARAR
RAAG,
81462,
R363.
9144,
9393,
6417,
1° 289,
73G4,
26397,
1B4.
1%
Q7e
EEM
75
520

A
BN19,
11836e
9617
8834
BA4HSe
TR
-8398.
412,
9115,
6459
14441,
4681,
24317,
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b«
Ale
Tie
656
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1

1

2

T3
83364
2387,
9€3te
8931
B4aTT
T971.
B270,
9579,
8632,
6350,
ST71 .
3692
371

7
191
7S¢
56
39
41

STAMUARD SOURCE

.M

G213
SRE5

{5137

Niz 35
FIVEYS
NES
cnsn
CIA}

STANDARD SOURECE SRECYRA- - — - -

490, 574 B¢
8325, 347 3.
12762, 11582 6¢
9367 93y 2,
BREG ¢ 877 Ye
AN, 822 7
AN70, 8132«
83130, 3471
5840 I8} 60
3149, 75889
63836 63530
25837 3n3i 4.
3R76e 337 9e
14843, 371 9
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1N4e 1u8e
89 83e
72 7 5
53, o 6o
46, w3

7480,
8592«
13982,
9224,
-B671 e
82119,
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867G
97185,
7192,
6217
34152,
B0ARS
5619
8%.
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ey 9
634
€3,
§7e

7314,
87"S5,.

- ADTBO,

50,
- 8580
8178
8253«
8722,
97576
€903,
6080s
34036
119424
2996
860
172,
86s
6o
63
S0

RESULTS {F PHOTOPEAK FITTING

PUL SE=HETGHT

{CHANNELS)

TV 1 233640F
" e1290154%
Ne1293185E
Ye12917aRS
Yel292172%
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Tl 30334837
T o1 T54871%

-113~

23
%3
13
a3
n3
"3
a3
EE]

82769
oD 38K,
106848,
9083,

ALTBe - -

815N,
8304,
8855,
991 1.
6570,
6056
249554
16773
1346,
181
100,
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67
6%y
56,

A565e
9426,
12463,
at15,
8438, -
a228,
8312,
8758,
98185,
6593,
6547,
18252,
21429,
554,
99,
96,
67,
72,
58,
Hhe

STANDARD DEVIATINN

7 (CHANNELS)

£¢BIBIINGE
Neda 66177
Ve ANEIBSRTIF
£63796870F
7 e3673RASE
1531 02249F
"o 2B24630QE
T e2771362F

)
21
a1
L}
n

n
M
~

A322,
9984,
. 10302,
8903,
84564,
B81RY,
a377.
AQ35,
9728.
6455,
7780,
12075,
25125,
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Q2.
LT
59
[T
57
S6e

AQFA

{ZOUNTS/TINFY

£ 9 AQA Y SHE
TeRABFAALT
Ne 1B TRELL
S3ATYTRNT
L4 1693172F
" e153 872
e 17684731
"e19257 71T

bl
e
~A
SR
o6
=)
ol
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e - CNORMALTEID CONT INJUM - OF —STANGARO-SOURCE-SPECFRA- — - - -

0:2646246E="1
Ne2531ANTF=)1
0e2717772E-91
fe2316884E=1
0eI354563E-01
00 319813080 ¢-
0.27B7N6TE~YY
0e2741331E=-91Y
0e2590969E="1
Ne2522488F-n1
£o24N8NA7E=Y1
P24 7486RF~-01
Ge25Nn79158 =31
0,2718165E=-}
02296251 2E="1
Ns3ANBLIF0E="]Y
0,2482439F=21
OelnnReatE~-01
Ne79R3NIBE=N2
0, ROATE24F=N2
AN

Agn

Ne26468862=21
e 251236931
e 28086 72E-01
Ng 35874 6RE-D1

7,3283470-91
Ny BIA9T7T 7FE-01

De252630N=N]
Ne264432085-91
Ve 25201595 ~U1
M025191175=71
Y, 289646253Z~21
Ne28871 735~91
NeIISTISEE=D]
Ne2102492=~M
e 899811 EE=02
Ve B83IT?67I6E=N2
N34 7838603 -22
Vel

NN

Ns 2547 825E=N1
Ne 26 63N23E~N1
Ny 2855738231
Ne 3IB23366E£~01
0e3208455E~71
GeIABNAIANE=D]
Ve 2722292E=N1
Ne 2631 67RE-N]
e 2616 782E=91
M 24R2690E«1
10 2482 A79E=01
Ne2644264E=21
Ne 2E4THNTE=-N
Ne 2894 A3 6Z=1
Ne3N33938E=01
Ne 3327994391
Ne 1688629F=21
s 815827082
26 9B5QQ57I=22

LY

Ne26460T4E-N1
Ny 2434587E=71
Ve ICTTBIZT=01
He3I713101E=01
34 3227669E=71%
~ARFFAGLIE=D1
Ao 273298SE=N1
N 2572346E =1
32673343 =01
0,2423742E-51
0. 24T8272E-01
2¢26408908=D
028583928 =01
e 2644362E=01"
Je 30501055 =01
e 3156448E=01
701350956E=01
. 749656a5~02
N6 1690555821
et

60

fea

0e25N36308=11
225268648E=0
Ne3115687F~01
Ne338N8ISE=N]
£ e3342755E=01
A 2766881F~01
0.2750296F=-71
0256801 2F-01
9,2528319F=91
Ce2401540E01
A e26505G0F =1
5426310 78E=01
Ve 2BTN2VAF =AY
Nea91 4467 =N]
Le31261475-01
NePBRNBANRE=N]
Ne1128828F=01
3+8136368E=02
2e1h920278=21
rg .
Ped .

FPE E

NORMAL 172D CONTINJUM OF STANDARD SOURCF SPECTRA

CO6N SNHURCE

ENERGY=

004341295E=n]
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027782785 =11
A e25241 0501
NeR0a1020F=]
Ap3625j 847w
FaIANT2REE~Y
fs31816665-1
Ce3rQI/ATE~"1
fo3n23370F~u1
Ne3N" Q455w )
NT854T73E=N1
«31317235=01
Ne363177F -1
03I BR5T77E]
LTS F-L PO
Fa15A6RTAF =Y
Nl 7ARF4EF =11
Ne7739123F~"2
n.1752P385 =21
et

N

13320 MoV

Ve 3354305~

1337268
e 31294

re308120
703377631
10324070
Je3200909¢
Ye30933227
Yo 36503342-01
1a321%A27 4= 00
N.136814
APRZYLLEY:
161566444371
Ny

Yo r

Ne 31718535221
T 364131 6E=11
Te 2646159811
Yo 4F 397388=11
ne3?TA59
Ne 3467 37
“e331318
10 311995Nd=}1
Yo 30 3121 38w
11y 29471833 =1
16376992145~
fe39624583=51
N33 T7L2M1 B3]
e 3211 754811
763167517
fe 372313
"a2939 901
f0111981
e TB296773
5o 11527723=11
e ™

e B

~114-

103134372501
Ne 2790684 9F -N 1
Ve 269181351
Ve 4H49BBBT 21
Ve 3795122F="1
e 33765635 =31
Vs 3283355 .01
Do 31 29676F =21
Me3081104E="1
Ve 29R9426F = L
Ne 3076787571
{6 IGIOT6TR =N
Ne 3418598521
Te3122766E =31
N» 32R0288E~Y1
9375508428 =01
Ve 262784571
S ATTINTIE~DNZ
Ve T764786BF -0 2
Vs B3IVYVGEE-I2
M

g

7e31946925=n1
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" e28344265-"1
Hedl34053F~11
fe1678231F N1
fe3IAB424T A
743238788731
NeI1A6A0E-"1
363072731501
7429815338-11
34 1N7I8ALF N
$e3174314F 01
Ny 34N A662E -1
0e3V?M4RQF-NTY
P e34117407=0
No3748723F-01
14218473201
3485440 ISE-02
f4A01 7058 2
Ne21144F=2
hl

Fe
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NORKMALEZED CONTINUUM OF STANDARD SRECTRA

HG2R3 SOURCE

ENEREY=

Ne31875326E=32
Ne31RTEI2F=-22
No3R1T7H5IOE~N2
M 3433236F="2
No4302323E~02
0 oIAB281A5=22
fe3311RR6F=N2
Ne32723815~02
N o273I35NF=;2
0,5342465E~72
Me62N5522E=Y2
De4191447F=02
0e32313186=02
Be307274CF~02
Ne38277"0E=02
Ne3ORBESTE=NZ
Ped]5ILSIF=NZ
P al640TAIE~N2
Ne2041125F~02
Ne2713073F=92
AN

(ol ]

9 g 2FH M-
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Ve 32864E3E-N2
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NeS8€62)1 1T
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Na33687847=12
Va3 336853-02
Ne353757365=N2
Vo IFRATG 2E
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Ne 47 346
Dep4ca34c7
Ye24832BEI~02
Net

Yen

Je328817
fe3457530E=32
Ne3416507d=92
n,3377M938=32
Ne333616NE=12
N5 3296685302
na33933755=92
(e A2237N4E=32
7064471893=02
Mo 5312693502
(3685640532
20 3056544 2E=32
Ae33ar6238=12
f,3502726E=32
ne 4F 95 TITE=D2
N6 452471 0E=22
ne 4335182 =n2
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(e 1379860512
e d

Co

NORIMALTIZEZD COMTINUUM NF STANDARD
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CoB612IRPESND
MNeRBE13ARNERYI2
N RARIBAQTF =12
Do Q4BOGARBE=N2
NeQA6B7IBF=D2
Nelr1211N0F-21
Ne11a1827¢="1
Ne13953%16F=11
Nel241328F=11
MNe118653E="1
Nel11889A”TE="1
Nal2B872K4F =01
Nol126A7350=51
NeRS0E17IF=22
M sGI2811F=32
feld6183)11 =2
Fodl1ARVGBI~12
fed82RARIT"2
N SBATABEF =52
fetl1lR1AKE=D2
e

LR

NGB0 MEV

Ve B6130AMEMNZ
NeB6182157= 32
NeBIt1238iZ=12
NeQ92767HM -2
NeG4 37423702
e 100IH0 BT =]
7125635997« 911
Ne1346521Z-1
Ne12352667-31
Te11757446%~ 2
Ye1278748E~01
7e1270333E= 1
Ne11856385~21
Ve 74927842 - "2
Yo 5D B27605-02
10433176V T=N2

V5457 267=N2
Ne2926134=-"3
Ten

Agn

-115-

"¢ 36130812
Yo 852871 35=12
Ge 31 700483
00380130
09501 N AE =12
~e 1143082311
61350578811
Ve 132727 2E=N1
141209937811
"o 11668 IZ="
Ga 12286743
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e 1151431E
16 649063 IE=12
e 8857 678E-2
~e4222203E=%2
N 4021 4RACwN2
Yo 523894352
Mo BLB&EILE=2
o

N A

e ™

s IIBFE32FR=I2
ne 35262062 ~32
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o 3I4NBOA2E=N2
Ny 336851 NE=2
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Ne6641217E=12
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Ne 3598935222
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V04142653672
Ne 46109278412
Ve ANTL4BRE~N2
Ne 2546392E=32
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fie )

e

SPECTRA
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Ye11483878--71
N412411753E=01
Ne12821908=71
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Ne3401353E-12
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De3IBV66IGE~ND
£0o4B2576TE=02
Ne6497875E-N2
GoaSNIHREE~N2
“e3IN911ET=N2
Ne3NBN3QIF~N2
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Ne243R230§12=02
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e
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0e9BNIVOLF=N 2
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141263288F~01
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fe4818NTEF="2
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Ne ™
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CS137 SOURCE

- -~ ENERGY¥®- —

041 3487IBE=NY
0o1348738E=01

0o14R4R6FE=D] -

0.130.9776E~11
Be13B7120F =01
0+1636503E=C1
0.1882°95F=)1
0.1752998E~31
0.1616671E=51
0.1509937F=11
0,1600733E=01
Nel65914RE="1]
001676790E~01
01604035851
Net113158F=03
0.6189459F =12
08490 ENIE=I2

Ned6133VI3F=N2 ,4944768

No6681945E=02
Mol 719738F-"2
[ 224
LA %]

NOMALIZED

~Og6étSs MEV-

M 134BT7IGI-NE
V6134384 3E-31
Ny 13750935-31¢
Ne13453385-21
Na14340455=91
Ne 13022872
Nel1B62280
N,169771
Ne16363728=01
Ye1563744
Ve 1637651
V21685149
V015755667
N¢1550336E=21
IeB4463795-02
NeS548727E
Ne &g G292¢

V069758203
1615614202 -N3
2,0
LY

MRS5S SOURCE

FNERGY=

Ne14]1591NFwn]
041415910F =N}
N 15390663F =N}
0, 1520190~}
0416851 72F=1
Re2P71691F="1
Ne2N44K34F =11
N41376925k=91
De19PPEAEE=1
Ne1RBMA3LIE="]
0,1830071F =]
CelBRBHE4F =]
001893909F =11
LEFR-LE Y05 B |
Dol 73RB542F =01
N e27069984F 12
RoESaT414F =12
NeaB6RT745 =g
NeR820482F =2
Mol 226191F=22
Neli

Mot

N.7 84 MV

Ne14183 i
N.141435
Yel1a712¢9

=73
~A1

SE =1

Nel3EANQTINY
De 1775734F =01
Ne 22887837 <M1
de2324311E=N1
V13783775 =01
Ve 19M21 235w}

Ve13924445=11
“,1907231:-"1
Ve 16367325 =11
Ve 8129578 =02
"o ENRO]RTTI N2

Y2BYEZ71 627 =15
R

Yo

CONTINUUM 0OF

NORMALIZED CONYINUUY 0OF STANDARD SSBCTRA

ne134373AE=D]
Ne1277048E=)1
Co 1328468E=3
" 1373693E=01
0e1845173E=01
0193221 4E=)1
(s 17965592 =1
fel1729351E="1
Ne161200098=0}
e 15981575~11
e 1610442891
Do 1€3694 9E=11
Ne16689812=91
6153591 NE=)1
0 3364 1D4E=)2
N 51582535~02
No 8481 297E=N2
N 543V37575=12
s 6940 4888=02
Ve 0 :

Oo

Coly

STANDARD

Te 1415010
Te1397611
‘e 1473884C
Ve 15587728
Ne 18061588 =01
f o2 IBGRAE=D]
14109232 7Ewt]
"o 1€96222E="1
Te 1R95T73E=11
“e 18773783-71
Ve LEARIB7 ITwii}
Te }3R34543Z=1
Te 1919534
010847097
Tie 1620 N84
te 7T ATIEA
Ce ATBAIG N -
e 328821 3£~12
Mo 72235698=122
e A
Ye D

e

~116~

N 134873IBE~TL
Ne126013793=n1
By 128833¢EanL Dol I2NAKREF-1

0s14N8361F=21
N 18968N6E=-NY
Ne 19880P3IE-NY
Aol TB6IERE=N1]
Ne16A5700=11
N0 16266528 =N}
Des163183I97F-N1
Ne16383G9F=1
Ne1624B1CE=-N1
N1 713260F=31
7e1850016€-11
0e 7388693502
Ne 4BETI08E=02
Ne 4396524E~02
0, 6103054E-72
N 5243208F=N2
e N .
De N

T2 Y

SOECTRA

Ne18159168 01
1614532456 =01
D0 1486048F =31
Ne16270728 Ny
n427125297~31
1, 21NEYREF 1
4,19635158-01
10199691 0F~11
01869390504
2018317877471
241915274E-31
N,18666047-11
2,19283506F~21
A, 197834607 =11
0e1218775C=21
e 68062337 ~A2
3446331258 32
nySTREEY2E-T2
Ne69263795—12
ANa D

N3

'\.Q

Aa134873FFE~-N1
Be1319958F~N1

901351476F-01
541538548F-N1
1,2014377E-01
3¢1766370E=01
5016317 15==N1
0e1644133E=01
141654923F~-01
101658661 F=n1
25170375371
20171 7465F 01
3613717573511
De6664219F~02
Ne471N667E="2
304264932E=n2 _
Ne63V5855E~2
%0361 2872E=02
6ol

-Ped

Tl

Neldl15910F=nN1
NelSEN?T7IE~31
3e1837790E-31
Ng16T7QN43 "=y
V62163953 F~21
Ne2072535F -1
De20NBAAAE-
feIBB7TIET~N]
fie1B66879S~L1
Ne1RAT1314E-T)
Ne1B54251F="1
Jel841%11E=N1
T41989552E- 21
Ve 19471063F=21
161731225571
NebL1SAIEF "D
NeAHITRISE-N2
s E-25:1: 10 Ur 4 2
Ne3655504E8~22
NeN

Le D

T




NORMALIZED CONTINUUKM OF STANDARD SPECTRA

#¥NS& SOURCE

ENERGY®=

Pe1526274F =11
0a1546274F =%
felhARBLIT=NY
Ne1ES27T3IE=N1
CelB75734FE~1
Ne2813813F~"1
Fe2170625E=21
01902701201
Ne 198L256F =1
Ne1098572F=21
N 1C1OR47TE=AY
relCRa8%32F =1
020331 785F =N}
Na2124427F =71
Ge2NBr758E =1
fel12231160="1
0eAV1EQ7IE=DZ
MNe&4&NE6T42F -02
AeRO34442F =02
el 3763KNE=12
3%

Ne*

A ,835% MEV

Nei346274E=11
Nel1349361%=171
Ve 16064G55=0]
Vel1718%17 2011
Ne2) 326935 ~N01
Ve 23 2RAZEHT =]
Ve 20RRIBEE= ]
Te 2D €13 F7 TNy

Ve 19ENRSVT S ]
1o 2037735 =91
162125172501
1e1973023&8=-M
1.988234¢5 -2
Ny B4 BITI4E~N2
N 45 EN 7 EZwN2
Ve 73RIS 2552
T 11 8HH 323773
N

g™

0,1586274E=3)
Cel61148B9E-1
Ve 16265F72E=n]
Ve 1 75668 FE="]
Ne 2261 0203=N1
Ne 231222051}
3e 2071 8253=1
"o 198f 8563="1
1" 1081 QR4E=N]
V202691 E=11
fe 1925175E=01
Ne 194614 65=31
Te2NN210 FI=I1
fa2149119E=)1
N 1HEBH 374 ZmDY
fe BG244NQE=2
NeB5N64 3NBE=2
Sa 5261 ASTE-D2
e 71 73 0V9E-N2
Ss it

Ae

)

NARMALT 750 TONTINUUM N %TANDAQ5

THAS SNURCE

ENERGY=

R PPTASELE ~ 31
" ePRETI2AE= ]
Ne2 2306581 =51
f\-')F\""q’Jﬁ' -3
Ne32CEVIRE w1
N.27709350F-"1
ns26307260 =]
fo28P4" a2 ="
Ro2aR1 7 F ="}
Ma2820381F =01
Ne236192RF=N]
P 226976 =t
02428241 =]
fe 2538831k wc 1
6,2888121Tmi1
AgPAR7220f =]
Ae1613303F="1
072668110 = 2
0,721243Fm"2
AGBNR2AERTNN 2
o

rgr

felld MoV

16227335465 = 1
Ve 22837 A5 <N
1e234740 3591
" 25 FR2¢ 3w
Ve 2V EHIRGI=N]
N 27833R2:5- 11
Ve 2683 " YEa]
10 25545187 = "]
Ve 24 35781711
Ve 26232882 -M
Ne2334RFET =11
Ve 23884 £3
20 24 245745 - V]
M 207YTITE LN
Ve 27BAETNT -0
123799605 <"1
Ve 127533E3 =71

Ve B4 2TENS
Yel72242231-
a0

e ™

Ne 22785873 = 01
Ve 2217366511

ne 2892496
e 24457317
%0 2623921891
Ne 20 RS I6HT= 11
152351 831291
fe2441 130231
"R 383 76400
e REGO136.=71
fe 2B35280E=11
"o 25RETLET -1
e 10708368~ "1
e H2523563-02
16 F583666E="2
Al
Con

e

-117-

N 1346RTFLE=N] N1546R273F=01
Ns 167451 BE=01 Do1658N86F~0)
N t6868L7F-N1 0e15683760F=N}
1617409765 -"1 [e180R9I26E~NDL
1s 241 8567E~11 05244791 9F=31
Mo 2241204E <11 No217M8N5T-N]
Ae2034710F =01 Be1983532€=01

Yo 2l I8233E-11

fal999816%=1]

He1086681E=N1 NelQ9BISTT =Y
M. 192AR532E 71 1.1962537F~"1

121993940~

Nel3428681E~01

M 18945217=11 N61962217T="1
Ne 201 84555=01 H27090345=NY
0e2133122F =11 Ne2)B6NEVSE=NY
Nel727609F =01 2301820337E=1
Te7544734E-02 Da6HBBEIZE=N2
Na&B11420E=02 Noda1N132E=I2
Ne 5741943502 De61783II4FE=N2
Ns63242165=312 4042833205 =12

De N
60
Aot

SPECTRA

N 22719853=-"1
Yo 21R17°713 71
Ne23681746F -1
Sig 317677 %1
Ve 2042329321
Ye 27NBSNATI-N L
Je 25281313 =01
14 243R6765 =01
124082093 ~-11
Ne 241682471
15 2390490E =31
Ne 242R246F =21
Js R510896E~21
N 2665491 =71
%6 2973722%=21
16229134587 ="1
Ne3990251E=22
e K7 B53R8T =12
De 93271027 =02
6N

Ne D

Be Y

ne™
De
Do

N ARHQRJEF~T
Je21614955-"1
Ne28862575«71
Ne3I3I3212E~N1
Ve2B47259F~"1
NeR26M3INETa]
Ne 2GAASRIE~ Y
Ne24344R1F-"1
Na264834875="1
Ne225374rE="1
Ve28410341F=01
7023899345 ~"
Ne2B5349373~11)
~ea2A39N38F~Y1
Je2IBTIVNEE~N]
Ne13443135="1
SeRIS537225-N2
Yo 7186378512
748323289 =2
a6

Ne™

[P




SYSTEM RESPONSE FUNCTICN MATEIX - -

AG1ONNE A1 AgD Oen L) B - O T T IO P
0, Ne DR 0o 0 e LR} [,
MG TABOF=N} 0g0214K ND Cof I PR [ P} o o
ren LT agn e D Yo nen Vo
PoAPATE~A]1 AL1AAGE A0 N ¢dIO0F NN Ng2367F=D8 Ve fen Do -
Can e O Qgn Te O Ve Ne NN fotd NP
NgQ1ITE=N1 Ag1208E AN A5RZIDE=N] D 6969E O -Ve3N39F=Ns Nefi —— —- N g NeD - DD
fen LPRY fen 0o 0 2.0 ' Aot Aen fer fe fen
e M BAAN =Y N 12AJE NV La 1 2A9F - ND BATIEadi—NobNIAR 20 N,IR23E=13 Nl L, Lo O Dal
Ned Ne © CeN Ne N e NeM Ted e Neh Nen
0Bo0A1 AE=01 0al1B6E 00 A1217E HC Ne113LE D080 15=0] N,BRINE 30N} 2JAFE=N2.-NoN N NeD
Naht Cs Can Ve D e fel Ne Ne fof LA
P gINIEE=N] - 0o 10S59E- 0N Nel 1405 N0 0o 1119E-00 -3 ¢8372EmN1--N163772E=01-Ne4537E-00--L ¢ 27126202 Do Dol
Oah Ne O Na Cen TN Ao N Aelt DeN AFal Mo

e M TTT 2Bl (e BANEERDL-.C 1D QIE LA 1IOIE I3 e LD2AB 8O AL 2023E~O) fio3AILERL] L ALTPAE. DD L eSOKERL2 DeC

Nal 0o

Csn De e fen Ne? ten Oen Nen?

B o721 TEN] -0 BATIERDL 0 o0IOTERNT Dy 901 3E2D4 A eBBI0EmNS _Ne0303EmN) N e5TRIEA01 D¢ I270EANL_003T2BE DA 08384502

Ne&642E=10 Do

e 6TEBE=D] - 04 86NLE=C]- 0, 324TEAN]
NellAIE=N] N0,2631E=03 0o)

(O] (4P} 2.0 Ao (AP} tal te Be”
Ne BLABE=JL--DeTON2EmN No7B01EsDL _DoB8TBRE=DL [ AZTAERN] Ne33Q3E~L] 0434048 00
e 2 Ne0 e Neol Nen Mol Nt

e A G AL R AF AN N 74 EEANT e 37218 o001 -N6eT7623EwIL Vo7 220E=N} 0,6002E=0) _0,7265E=01 0,.8257E=01 CoA28FE-LY £, 3S23Fm 0]

Ne3NPBIE 0N 0,1611E=01 Co357RE=NT7 00 JeD Ne NeN Den o N ™
P 62ANE=AL £,6723F=01-003330Eall-0e P2540w01l—006753INw] . 6A34E01 NeB520E-LY Lo 6IFAERNL D L7AA2EANT CLANBGEN]Y
D2 3576F=0C1 Ny2769C ¢ 0a1631E=51 N 1810E=06 Neld fra® (Al Yo fen Nef
- NeBR2IAE=NT N 5052F=01-Ne8232F=01 -0, 6056E=0i-Neb539EFaN] Ne61B1EaDL DH02IED] 2 ,6253E=01 0,65276=01 0. TI87g=0}
@ N70E=N] 04 3634E=01 No23735 0N N 1823IE=IL NeTNTEE=T1H Noh Nen Ne® fen . Dof -
045207 RN 051 365D a7 BNLERL] D0 8758E=DsDeH13TE~IL N,SB3QE=") _0,5640EL1. L ,S7ATE=L] Da6210F5-01 C,E58858=01
Ne677OF=01 Nab6l27E=01 Ce3I5790=01 N 2284E JU MelB648=7] Me2163E=15 A0 L Nen [SF R

—— Do BRALE=0] N4 388E=01 -1o72aBIE=01-NeHH511E=01—2¢59267aN) NeE5E76E~D 1D 53ADE
NoBROOE«NY Ny 6aAAF=01 (4a225E=01 1,3388E~0s N,203568 1IN N1 918E=31 " 5172r

1-DeSA77E~CL 245600E=0) L£4a62195-08
08 e At fo

N 5T IF N1 0373201 - Gs TAR2E=D1 .00 681 E=J4-—NeSZLIE~01 De5A36E=D] _0S20R%::01. 3521 T7E=0L C4SAREE=N] N K57H0Z=N]

Mo BAZAEWN] (o 8TRIE=01 Co62415=N1 N,4247%=01 N23425H=D1 N¢1BA3E NN 7,23 [1E=01 H,03235=n5 (.1

Do

e £ e SR CAF= A1 (1533 29E= NN H31GE=D 100 5439FE~di—D o5 HLAERNL_N,5247E =01 N,5020F01 L4 A710E=01 0531 3F-"] £a5135%0]

Ne4631E

F=G1 0¢4613E8=11 (as3I65E
e N g BFABTwD g FIETE= A0 eG 242
NeS5212FE=01 NeS5557F=11 N.398
=N 5813801 HL.327%1E=01 00362
NedA7IE=N] N,5728F=N1 [ 436
D10 36305~ L1 LalT72
Ned054F=01 N,4746E=C1 06531

f1 De K100E~UL De@NT720=D1 Ne3445E~01 No16807 00 N,2735FE=01 Ne21684F~08 D4646715~1"
106 4053231~ A5651 15231 NeS5148Em)1-Red854FuD ) Do A6PBErN) _DoABBIE-N1 1,51 03801
1 048153E=0; 9463538=71 Ne3655E=01 0a3540F 1 "e1544F 00 Na2016F-N1 Ne2846%-=04
D1.. 06 6608E=31.NeS54T74E~21 Do53062E=0]1 22476B5~0) 2,4642E=01 04260501 0a4861%=01
£1 Ne34371E=01 71241160=21 6,A711E=NT No2913E= ] ~¢38M0E=01 A, 1427F N4 0,19688="1
0] eDe Tl iTE=Vs 2554228 m0]1 NeAQ2LE=31 No472095 =01 044532501 £,43%AF=N]1 0,42898-01
N1 9 3763TE=0i V52744F~="1 944331E~N1 N46BSIE~-N1 D,2778F=-01 0e42NBF=N1 N 1325F 00

REPDMNSE  MATRIX ENEQIGY INTERVAL MIDPAOINTS IN MEV
650N N 1SON D250 0 153550 D855 (6550 (36570 N, 75%% 08570 N.95%0
el 05— Lol SO Le 25(- -1 5 35701 94 65NV 1y 53011 0 650310 TEN 1 0 ARG 145500

—PUES E=HE T GHT—IN—CHA NNILS—(MIDPNINTS)

c om0 g B =1 5 58— =25 3 -3s 52 b5l —-Bp Bt ——6e51 — TuSl—Be51—-5e51
1751 11653 12450 13:50 18450 15,57 16657 1750 18450 19,50

RESOONSE MATRIX PHITOFPACTIDNS

049541 148567 Ne7593 0e6569 (5846 Ne5002 Ne45A3 Ned 114 N¢3846 Ne35Q0
e 00329 N53086- V2765 (2506 10,2265 N2 N1849-351570. N 1532-0:1405.
. 4

-118~




sias s eme
HALFSEIT e

HUMAES OF HIHAER

GAMMA S5OURCY REFERENCE  SOURCE SNYRCE- - s
#  PHA PUNS OF CHANNELS HMULTIPLIER

SNURCS STIENAGTH INERGY DIAMETER HALF =L IF

(CURIRES) (M=V) (CHMa)  (MINUTES) - THIS SET. - PER-GPECTAUM - —
PUOZ -+ e AWIAL— ] g ARG — -1 DDA 1Y EAE-AR + 264 AyBR6AEAS
t
w222 Mes MZ MNX MR X M3
7 2 20 o s 1

SOURCE  CRYSTAL ANGLE COUNTING REFE PHA  MONITOR  MONITOR SPECTRA  BACKGRNUND BACK RROUND
- CRY S TAL——-A T~ SOURGE———DURATION-—T1 —GOARSE—RIASE NERGY — ZEROe S LGN AL~ MU
DISTANCE (DEGREES) (MINUTES)  (DAYS) GAIN  HEIGHT (HEV) SHIFT
(cHe) POLAR  AZ EMUTH o mon oo o eoe i e e { CHANNELS e L CHANNEL 8}
17NN 0D nen 1,001 1edu 1500 1270000 | 142700  Cof Ned Aot

- L FERATING-QUIPYT-ON-ITERAT ION-LOIBS-NUMBER: B-RELDW
- 1 2 3 4 5
———— 7 14 15 29 34
] o n n b
a- SEEEEY B e T
— B e 7_,\7/ _ -
- e . IO - S S
CARD SET 12
2 115 bl 1e 2770 21N 14s 1e360" ‘2 as ol NeBNEN
L O TRRR (V] t4- LN SRy Y-Sy S P 79 SHIN, - ¥ S T S— $
1 ! 1
- 1

-119-




—-SPECTRUN MUMBER - 1 FOR PUOR SOURCE - - - S AR

tAFTER BACKGROURD SUATRACTION) i - M -

Ty e - A 2 e Ay Ay —— By g
fa % Do LS 90 L Yo e e Ne
147813, t240n1e B13IRTe 43A72, 33958y 31632 26716 BRTAV.. 20076, 188A2,
168460 16763 14977« 14320, §3427. 12788. 12231e 11751. 11818, 1123°,
17481, 9918, 9728 9510, 9269, - 87436 8626, 8950 9931e 11764,
13968, 15364, 14272, 11787, 9984, 10473¢ 13311. 17766. 19334, 12715,
14363 180439~ F119¢ 5746y B198vy —SNFev—4A30y —4B3FHe-—-44D4, - 4342,
4327, 4723, 4915, SHEN2, 6167, 64732, 6663, 6361, 57264 4988,
4457 42228 4N5 1. 44BN, 4869 5758, 64324 7928 Ti06e 6855,
5809, EUTY-TY 4196, 3705, 3371, 3347 3318, IANTa 3374, 3339,
31824 3t24. 2915, 2730, 2349, 2591 2162 2795, 1958¢ ‘1937,
1748, 1738, 1676, 1576, 1598, 1589 1638, 1838, 2116s ~ 2575,
3324 4313 5555 6977, 8397 8032y ~— 9138 A633, 73160 5324,
4551, 3475, 2BS4. 2476, 22484, 21482, 1269 1634, 1485, 1377,

1144, 135N, 10031, ALY 93%. 915 9154 RB S 26T 1751,

1124, 1160 11aes . a2y, 965, 886 TI7e , HEDN 597 537,
%33, 426, 37%a Fab, 333 334, 333, 3IN6. 318 3276
354 AnBa 334, 325, 322. 325 3454 352, 384, 238,
233, 277a 232 283 221 231 343, 236 199 2E7o -
159, 238e¢ 179 166, 224, 198, 217, 235 23N, ERS Y

HINKAIWN SPECTRUM AEFNRS B¥AK FITTING

e “a e " L N, L - "

w
Tie i e Do Ve Y LS =T A, =716
531 0y IRE61 3. 73793, 53879, 38892 3n623, 26602 232118, 2482,
17797, 13987, 183364 142734 13457, 12793, 132240, 11883, 11519,
124467, 1CNE5, 7640 3439, 9134, a8no, 8RN, 3193, tn223.
14754, 1321R, 13282, 19826, 11547, 14737, 16633, 18426,
13778, 11470, 73R8, 585K, 522, 4804, 4530, 4425,
A454. CX-1- Y E7M11. 174, 6453, 654G, 5215, 56174
AS2RA, 4P, 41092, 44887, 8N28. 5746 H8 546 KRBT ED43 .
3752 5173, £2R 6. 3745, 3470, . 3383, 3364, 3357, . Iar,
1275, 30678, 2373, 275a, 2606 2412, 2214, 2085, 1994,
1736, 1773, 1652, . 1571, 1552 13564, 1651 1825, 21717,
IIRG, 4432, 5655, 71q. 8229, 8888, a972. A326, T2 G
45864 : 3£23, 2949, 2831, 2287, 20746 1891 1530, 1487,
1151, 3152, 3IB2. S5, 93N 239, B9B. 2k ¢3%e
1928, 7 1138, 117 5. 1047, G6Re 9473, 776, 695, €3,
a3a, ERETY 375, 333, 330, 329, 322. R AR 227
323 331, 32", 325, 323 31313, A, A, R
292, 282, 2748¢ 23a. 231a 216, 278 205, 278,

162, 1891 173, 194, 273, 211, 21% 241, 278

~120-




vEFICIENCY FACTORS

1NDE X ALR CLADDING Lucrre CRYSTAL TATAL
V ATTHNVATION - - - CATTENUATTON - —— -ATTENUATY 1ON - — HEEJCIENIY. -~ EFEICIENLY
1 N Q27T My T40Q27E N A3 9R5B3F N1 LAGOABBIIE DA - D g TITTPIE AN A G TNANE AN
e i PHOTAN-NUMRER —— e e e g BRBAY OSE O
OHOTNFRACTION * re2TNANKRT 0N
N - e e m s s e e e =
o V- ISCRETE -PHOTOREAK-FITTING-DATA - —
LWCATYGN PULSE~HIIGHT STANDARD DEVIATIOM . ARCA
FRHANNIL T CHMAMNSL O —— .2y ¥ Y[ 121 15 | —— (CHANMELS ) L2OUNTS /AT IHE ) e —
115 164 De1270059CE M Te125607167 N3 0e3371937E 01 N BABCAAAE N5

e e ERE LG TENCY - FAGTORS —— —
INDEX ENERGY AIR -CLADDING LUCITE CRYSTAL TATAL
CAMIVY e et ATTENUATION e ATTINYATION e ATTENUATION . SEEICIENSY . EEFICLENCY

1 AP 13514T AL o 9 gOQROTE-AI 0 OBEIOE-AA A, O5671E-AA B TRBAIT A 8o 66RARE BN
Lo e } DHOTON-NUMBER = N BEIQTEAN_ OS5
DHOTOFRACTIAN = Ce2aTTTAIT AA
N R .
e 1 1 SCREFE—PHOT-OPEAK--F I T-TING—DATA— [ —
PULST=HZ1GHT STANDARD DEVIATION APEA
[CHANNELS) (COUNTSZTIMNE)

LocaTIny ENERGY
i i ( SHANNEL S}

THANNIL TN CHAMNIL e A MEY Y
1ig 143 Ny i IENHNNE MY Nel3525°2% N3 Ne2853853E €3 s BYO2S2R9F N&
. e e ey e .
5

-121-



INDE

X

FRRICIFNCY. FAGTARS [

ENIRGY AlR CLADDING

‘cavsTAL
BERLCIENCY.

TOTAL
EEEICIRNEGY

e AMEVY— - e - s ATTENUAT TN ATT ENJATHON ———— ATTRNUATION

A GIBRBAE DYoot A OTBAAE BN~ NgQIRNTE AL B BTBTIOR AN N TORABE AL

.
- - e PP ) e PHOTON-NUMBER— el P APLL B OB
PHOTDFRACTION - reBATRINE AN

S Co - D FSCRETE - PHOTOPIAK -FIFFING-BATA-——

LOCATION

e CHANNEL - T0 - CHANNE L~ — o= 2 e MEWY oo e (L GHANNE S ) ——

ENERGY PULST-HEIGHT

STANDARD DEVIAT !pN

. AREA
(COUNT S AT I ME

CCHANNEL S )

46 65 LaSADRNANE NO eS51425727% N2 Mfe1913112E N1 re3320784F N5

o e e SR EE LG TENGY-RAECTORS - R
INDEX EMERGY ALR CLADDING LucITE CRYSTAL TaTAL

e LMEV) ATTENVATION — — ATTRNUATIO : ENCY

RN P — e RBEBIE AN DL PPEANE OO

S e = e e B HOT O N-NUM BER ——— e DGV GARBIOAIE NG
PHOTNFRACTION = C e HOZNEA4F PN

LNCAYTION
— —CHANNEL—TO-CHANNEL- - e AMEVY e {CHANNELS) __LCHANNELS)

ENERGY PULSZ=HE IGHT

STANDARD DEVIATYION

AREA
(COUNTSATIMTY N

0 ¢5B62791E 02 278448128 Ny

ra GRTHETHE N8

-122-




INDEX E
[ - M

.
—- 1- Ay 763902 3D - 0eQIBTAE- AV - - - NeAB196E A

ZFFILIENCY FACTORS e e e

MERGY ALK CLARDING LucITE CRYSTAL TATAL
V) o AT TENUAT-ION - ATTENJATT ON—— - - ATTENVATLOM e EEE LG R ENG Yoo FR R LA L RNG Y

- A HABNYE_NH .

R - e e . PHOT ON-NUMAER - = A B3Y 1RADM.NG. .
PHOTOFRACTION = paargrazas £n
e - - © e e B P S CRETE-PHOTOPEAR—F 1T T ING-DATA . e -

LOCATION
———CHANNEL- TO-CHANNEL- —-

PULSE=HIIGHT STANDARD DEVIATION . ARFA
(COUNTS/ZTIMIY

ENZRGY
e A MEV Y e {CHANNELS) - LCHANNFALS)

69 95

‘D 7600000 20 NaT622591Z 02 Ne 2505323 71 fe16NIRTE AR

e e e EFFLCIENGY--FACTORS . B
INDEX AIR CLADDING LucrTe CRYSTAL TOTAL
(MEVY ATTIANUATLION ATTENIIATION ATTENUATION EFFICIENZY ESFYCIENCY S

DEINIARENY N OARTAE AN D TALAYE AR A TPIILRR OO

- S S — —— e DHOTON-NUMACR = . £ e BAARA 27 0SS e
PHOTOFRACTION . = fe3T7RARKNST NN

e e 3 ] SCRE FE- PHOT-OPSAK—R TT TING-DATA

LNCATION

— CHANNEL T - CHANNEL-—— -

PULSE=HZIGHT STANDAAD NEVIATION AREA
(CHANNZLS) {CHANNELS) , (COUNTS/TINEY .

C+B8219931C 02 "e2641851AE D1 re23576781 NS

{ r

-123-




ZREICIENCY SACTORS -

CRYSTAL

TATAL

INOAEX FNTRGY Alk CLADDING LuctT?
ERI (MEV) ATYENUAT 1NN - SATTEMIETION- -~ ATTENUATION . ———— FFRLCIFNCY. EFFLEYNAY
1 f1SancE M A, 0034235 £ A IATREE AN Ay o50aTE nA AyARANRE. AN AGBARATE. AN
- - , — -
< PHOTOM: NUMAERQ- omoee e P BITABRIE AG -
PHOTIFRAZTION = ~ePrE3B2TE 0
-
U ISCRETE -PHOTAPEAK FITTING-DATA -—-—— - e s e
LOCATION PULRS~HIIGHT STANDARD DEVIATION AQTA

CHANNSL TH CHANNEL C o COMARNELSY e o - o { CHANNTL S )

e LESOUNTS/TIME) - o oo

fa3287717C0 02

FelERAE41% N3

ne1547007%

M AEATI S3 "4

- GAIN - PARAMETERS- AFTER CALL SINGLE-IN MAIN

Nen 192 2RN, 60N 27,0000 Aen
I - Ael LY - Ve - ¥ J, S, ? P S £ gt aen -
N PN, e -3‘.{ e fe LN el N,32TATIST
— - 36887301 AR ¢ G RD42 SE-DEN 4 HRL 6T G574 810857 £3043325630-N5%6 2511 73005021183 RSN GBI TAAD _NED LI 3DANBI 0
Nsellr218 U5 e 1NTENES 5N, Q0209 SANe9249u 2 P40 8H3N A0 N4N L AMEE4T m0T g THR2T 3 NANG7IZATON CANL TICTIPT FANLATRCRTE T4
- De643229T NAL 62518 NEY. 61582 14045892y —H4DeB61834T ALRGBR2H1AAT NG e LOTR21 T NANLA0INRIF LAY LATL2BAN _DANLATALNON. fa -
14 {4 Y 212807 N4 GCTLIEHTI NANL36NTALL (8471, 39G820E (4N LANORSNET QANLIGNAENTF AAT L 410785 fA N33R 26AT T4
- N160,3250392. Nen, 31138 N4 20373 VLD 2BIRBNT -NENL2T2T7A LAT 9« 260308 OANG2ABNI T _NAR G 2323400 DAL RPERRTT. A -
NG «22663 J41e 22652 Lata22371 4042257687 NAT G 217YAROR TaN 421K K2 4N e 2NBARAT NAY LRV TR AN, 1eTaanyt ra
—— A3 el1BI3727 0L, 176388 04D, 1 7ALISNF -4 Ne I BIRGEI _NANLIA3L2E6E. 0420418038 L2ADe16B8LIBE. DA LIBB02LE NADLI5G1 A6 DA
PeT 1342742 €4, 10561 CAN L1 33954 NA0,1A224600 NANL 1379487 47 ,132374 47617335015 M40 ,1324 AANL,131287F 4
L4743 247557 04" a11025 SNGNG 117795 08041174111 D40, 111736 080 ,3047287 040,11 03007E _fA2 10619 AL I0BT7AL DAL
NaNel ¥19123 Q&IL,1077 14,6385 71 N3N ,031905T AT ,029278F N30 ,22027) G333 a0146TNE AR G ARCTIRY “39,4300RTE "7
e 7 2LE3AT H32.4AH604487 I3V, T75976 37038 ,9445Q N30 43173€C9: NANLILELTET _LAN L IRBTHAT AN 2244376

Thh ey N27 290
A3L LTV A7EE

G40 83NIL1AAE LT 10521
332 4EB5231T . £35,82128285

a1 713941 0616 VL ESEOE

N3V, 9ILT2

4Y,51550
H306e212.0¢ 45

~an

TAN e 1021 3R
6TB2LAE

NANL 1N R4S

31,6753 2

IFOLEO8GRET N30 458324597
SARE GBS TPOAT L34 325868508 5
037 «32376F N32,. 3333445 230435584
GARL2ILTRIN NAD 421563703 2768

G3%e547068E
DAL I 1QIILE
*3r,3402210
13242040608

63752150
3043530957
N3N, 32600
230,254y 7

~3?
N3N 37038
1433715
27368

r3IN 5140287
INLR2ACQIT_ 03N 324821 8
TR, 3240337
030 L2082 08

AV aRA52

AN IETRNGE
A2 .,10028Y T L3

D3Ce27284 f3N4211N31E 137421853 N30.24r006F

17390

N30 4278156F

2

~124~




INPUT SOECTRUM GALK CHANGED TO 19 CHANNELS - -
GAIN CHANGE RATID = 2rA308RR/ 37,0000

- —ehen NeI2TVAAET A5 Ne423671 TE- 46 04 BTRF IS5 N BAY9ILTIE- N5 ... —
neLan1AL9IE s D421 777INE IS5 041760 ITIT 16 N413886RASE 05 .
0s11411158 ~5 AL Q5ARITES N4 A 10379IBTIAS 0gAINOTAGE N4 s e
0+595ATAST Ns Gt Da3200312E "4 N, 23648755 14

NOPMAL IPED INPUY SPECTRUM - BRI R S -—
nan NeQIANZ=NL D454D0LE AN 0,11132 uO e TONGE-0OL ﬂ.snor—nx 0.3593&-’:1 Ne2T7T6E-D1 0e2243E~0Y 0o1T7
0,18545=01 0e12)135=21- 121 6E=01-0e1323Zm{ 1 -0 1660E=d] o 7508Fm02 044472ED2. 0,41086a02 N34T~ 22 oo
INTERMEDIATE ITHERATING OUTPUT (IT, MN, AND PHI(1)) 1 1

J— Qe N QIBITmA Lo SALNEN0 N 1339 D NP HICEANL L 51108~ DGO F0NL N2 PP8ERDL N Z2435:201 0,1 2200~=01
Nel14560=01 Ny 2NIE=] 041216501 741323Tmy1 N 1659F =31 Ce7SASE~02 Ne8aTIE=N2 N4 194F=N2 043NYarF=-02
INTEAMEDIATE - ITERATING QUTBUT (1T - MNe-AND-PRA{T}}-— — 1
023248E=01 0el14033Z I 447828 £ N1 0265 )N 2e589IF=)11 NeTFIEE=NT N425C1E~NL N1 806E=-01 Co1381F-11 a1 NB3E~ ‘\l

- 09B111E=N2 N o618 2ENT-N¢SINGE=ND N 43438F=y 2-NegF2I6FE~I12-Ne2112F=02- N el 141 ExD2- N ASRIE=N3I N eH514RE= 03—
INTERMEDIATE ITERATING OUTPUT (IT, MN,; AND PHIC(I)) 2 2

i QB 0412468 m01 . O, ANO0ARE DN N1 20Ty A-NaB3ITF AL «&68325-&@-5462&-—&4-1.&262&“;36&5" N1 D,297AFE=DY .
Ce2ZBTRE~01 Ne2I4NZ=N1 0e28F6E=N1 D43987S=ul T+33A6FE="11 Ne2731E~N1 7¢17584F=01 A 42761F=01 041765F-71
INTFEMEDTATE - ITERATING QUTOUT- (ITy MMN¢—AND -PREI)) 22— - —— S
017306 €F 0ol 3812 NN (45550F M £412785Z (0 Ne82I0E~91 0e853955~11 N,43°5E~%1 3,3387E=01 Ne2BLreT- N1 R, "317F-"1

Fe1335T=L1 V616N mNY1. 414530101429yl - Ne1138E 231 -L4R2IFTN2 DA TAY F~'12~\-.A?.LLF452.£—;2935 2

o e e —

INTERHMEDIATE ITERATING OUTPUT (IT. MNy AND PHI(I}) 3 2
B e Mg 37T 2502 . 04FARAL-AN 01 AFAT P A [eTL2AEaN -0, EBIIER0L 0o ATLEERDL D3R ERDL De20318Fe 0] Da22P48=DY
Nel06 1 317553 =01 Npe24235-01 0436564iE=0l 24 3198E~21 0.25185—"1 NelBS5LE~N]1 042053E-21 "e1R8135~-01

INTCFMEGTATE - ITERAT ING- OUTBUT (1T s -MNy- AND-PR(L).) 3 ——
03470 =01 Na1192Z AN N ¢3325E 07 N.11G33 §N 2¢5990F =91 (‘.51“7!’—!‘1 "036285°"\ "o9845k-"l 423840~ 01 ) O42F-01
0e1H3AT=L) NelI7IS=N1. De12B89E«N1- 041331501 De1078BRw0] D e77RIE=I2 Dod543ERN2 Nel 08E~02 La30CIE~D2.

INTERMEDTIATE ITERATING OQUTPUYT (IT. MNe AND PHI(IV) 4 & .

ce e N 132RE V2 LG 6D TE- OO, -)9136924‘.K“—..Oo71A7£n31,—045867!:—£_1._3;426][—n1 N 34NBENY L a27TTE=NY Co2NTFPE=0) S
QoM TLHIT=NY Dol BITZ=NY CoZ286T=01 De3630E=01 Na31420 71 C42458E»"1 Na1620E8«01 I142051F=-01 Me1821E~ N1
INTERMEDIATE ITURATING OUTPUT  (IT-e -MN AN - FRLI)) . .4 A e

DeFB2RE-01 N 117IZ 0N 0L5IE3E AN Nel10NZ O NeBF1IE~D1 DeBUILIFE-01 NgIEIRE=N] NG2TA6E=N1 Me2252T~ "1 0e B37F~N1
- Dot BLEE=DL. 126731 Cal12435°01 Dol 318320 1-261063F:001 L a78590602. D4AABOE02 044192502 043012502 ———
INTERMECTATE ITURATING OQUTPUT (IT. MNe AND PHI(1)) 3 S
[N T S - + wAF g BAREE D (9] ATAG YN B T2ETESN]_34E0SI3Cw0) L oA338Ew0L H4,3443Fe0)] N e2767EaN1 8,1 0Q7E=N}
01 9436443E=u1 De¢31INE-11 Ne24350=N1 (41623F=N1 N ,2062E-01 2+1822E~ 71
INTERMECTIATE nrnnmr OUTPUT -{ITg-MNy AN PDLI)) -G 6 _ - I
NeA3S Q1 MG116BE AT GeSACNE 0N (411085 o Ng6I6T1E=1 CoeSNE6AE+N]1 D e3IEAIE~0] N ¢2T737EN] Ny 2220Ew (‘! felTQBE-NY
Do) SHOEL=0Y - ~-1?61._-'1‘ Gel2¢ Pl Dol 8E=Y ) Dy 10BDE=NL - LeTHIBE-I2 008476002 D4L93E~D2 N34 =-02 .
INTERMEDIATE ITERAT ING OUTEUT (1T, MNe AND PHI{I)) T 4
— Bl i N EIL DTN L e HBN2LE 0L Nl OTAE-3D Do TINIE=NL 0, 6DA8Eed) 00,4843 D383 E~01 228 7Fw] 0.,1083FE=01%
CalS5CE=r] Del13178=N] Na22045w0] £,3664E=p]1 "a3126 1 Ne2425E-01 Nel1622E~N1 N2083E-21 DalR22F-0O1
S INTERMEDTATE  ITERATING-GUTRPUT- {IT s MN.--AND -PP{I) )} 2 xS
0,9369%="1 Nel11673 29 GoS3EM1T N0 011135 N N TOOTE=N] PaBI9FE~N1 Ne3575E~N1 N e2758FE~01 %a2229E~-N1 fe1774E=N1
-0e1873H=01.0612298-051 - 001218 0101 322E~u1 e I0S95-11 De7598Ew02 NLAQPIE=N2 No410948n02 HL3014F-02
ITERATED SPECTRUM
DeQATAEACL--2e1167Z N1 LeBANIE L. Lel3138 vl Do TALLIE-NL LoB116E=N) 043GABE=0] D42783E=2]1 (0o2232F=01 ( )77)1F0]
0e1066E=01 V16122128 =031 Col217E=71 [e13223=y1 N¢10S9E~D1 Ce7508E~N2 N A4TIE=N2 1 4194E-32 £ ,3°14E-72

!T.su,'rrnm
9 NG 7BASEESE 46 Ve 1361285 Mmoo [EE— S e e

~125-




INDE X

-
DOP NP N

i

13
14
15
16
17
1o
to

ENERGY
CEHEV)

Ao SORE0E=DY

Oe1SYCCE
0283008
%0 353003
fo 856008
©e 5510 OE
LY LA
Pe 7577
Ny 55N
Ty 9330 CE
fo 1NR00E
N 1150rE
fy 128008
"o 1350 0%
Ay 148008
fe 58
fu165n(-
"o 17567
Oy 1BSNGE

0t

22
ay
a0
an
no

- BREFCEENGY -RAGTORS. —

CLADDING

LucCITE CRYSTAL

Alh
- -APTENUAT 190 - A e -~ EFEICIENGY
QuITAAIE AR A SR2EIRE- B — - — Ay 8 Ny 99989F AN
De98243E 9 N498827F 0D N 4B97L11E YD Ce9ONBIE "
A FEBANE 6 B ITLESE DO - -NeQA7227E QO
DeI8711E N1 NeQ7BO2E 0D 0092199 01 Na OIRTIE N
NeIBBIIE 0D Ne97741E OO - - DeBASLIE 00 Ne BITTOF A7
De9BIZEE N Ne97Q28E NN NL9IAETE I Ny BE2BRF N°
Ne9902E 02 Ne ARABNE 00 02939088 ONn Ne BIZKBF 0N
Je 30084 A0 N+93184E 00 L2 94278E 3N Ge BNR2NF A~ N
G991 16E 20 NeIH2BEE- 0O - Dy D4B99E 33 Ne 78627 0O
"e901623 MY Ne3837LF N1 Ne94B63E NN GeTBTABE A
1e9%203E 9 NaIAXSEE 0O NLOBNEBLF 1A 0o TEOBAF NI
Ve9923 Ne98SI4E OO NLGS2ATE 09 fe73548F NN
HeGG2685 O3 N eIRBTEE A) NeQELT7TE OO Ne T2061F DD
12992945 N Ne98634E D) T e 95654 0N NaINGAIF N
De99321¢ AN Ne QREREE 5O BoOBRITE D D HQINOT AN
1eQ93443 A A+ 3IBT20E 19 N e OS9ENE NeKA21QF =™
J0393645 99 NeFATESE 20 NeSANBARE A JeARTIIEE ~1
71e99383E MY % e GHACNE N0 N e AR2NBE N e BEGATFE "
1eQR821E 10 Ne 9BAILE DB N 2063208 31 Ne65621E 0

CIFFFREMTTIAL FLUX AT ITFEQATION NUMBIR =
V2201778 02 NeS58051F 126
2.87224F 75 N.B5465F 1

e

Ny 22245 6

e 17227 %5 fa14758F 25 N9GRE K
M SA&U3E 25 Ve20R53E 13 re25661E n5
FITTING NIFFERCNCES
O Ve 23G400GF

Q

Ye17173E
IelONETE
Yelavian
A 230208

6 ALIT9ENF ta
6 D,83)1208 0§
15 *,44rB2F NS
~g

. N "a541983A5E =11 N3 93IIAITF N1 A 81 TRT72AF-N2
6ol I3IBATE=12 1433457057233 4 12856723=93 1,588297RT-"4A

126~

TOTAL

Ne 777445
NeRARA2C
2e84997C
NeB 3 20
AeRNBT7IF
~e7811OF
1, 75904F
e 7AL ~OF
N T2ED5F
NeTIRLTE
o697 AT
S o651 1F
Ae&?I2AF
“e6817TE
Yo ARNOF
AT
N AIA TR
62T
Sah2 7 94E

.. EBFICIENCY

an
~n
fole ]
o
na
felal
an

an
nn
An
~n
s

AN

aa




CRV ST

rq o e
4 INCREMENT  ENERGY NUKAER FLUX ENERGY PLUX
eE. OB EED ARSI ECS
— 1 -B.65800 ove oot
2 0018800 Ne7T3IT1602€-02 0.11087228-02
3~ -9u2aNes — --—- R
a 0438000 ne3717918€ 02 Ne1301271E 02
(SN SHENNNEP S .Y 9 S
6 0585000 Ne8129718E 02 N.84T13S1E 02
7 osE8680 - - - o — -
8 7675000 D.3123866E 02 N e2342598E 02
° A¢85803 e 2P434E- AR -
1n 0495060 Ne1578908E 02 No1497108E H2
P e
12 1.15%00 0433961318 03 2.6205543E N1
13 1225000 OvtE328TTE 83—~ — - —Ovt416I98E 03
18 1435009 N.SI7TT46IE O 7.T289886F 2
16 1045300 Aet610333E02— — — - —— O 2IILBBIF 52
16 1055102 Ne1995564E 02 Ne3093123F N2 :
17 - 4+65383 ——
18 1.7590)3 ne9378364E OL 3e1681202E €2
19 1 s85000 8.84125098 04— - B e1BBE4DAE R

INTEARATER RISULTS AT SDURCE AND CRYSTAL

ENERGY

eHOTON
PHOTAN
PHNTON

AVIGAGF ENER3Y (MEV) = =

PHAT AN
aHATAN
PHATAN
BHITON
PHATAN

AY THE

PHOTON

DHNTAN

NUMBERP (PHOTCNS/CU*£2=S5C) =
ENERGY (MEV/CM&®2«S$2C) =
BOSE (ROENTGHEMS/HNURY =

NUMRER / SOUYRCS EMITTFD BXZTA
CNEFGY / SNYACT EU]ITTED BFTA
FNERECY / SOURC. CMITTEID BETA
DOSE / SOURZT EMITTED BEITA
Aalel-1 / SOURCE EMITTED RETA
SAURCT CYLINDS

0oass / SOURTI ¢MITTED AFTA
r3sg / SOURCT LMITTID BITA

e 7175212E 03
Ve BA23BI4E 03

Ne1N1e 621E-02

Ve 7558792€ M)

NUMRE R
ENIRGY
NUMAIR
NUMBER
NUMALR

HUMARIR

NUMAZIR

(R/HR) Z{AZTA/SEC)

PTR SOURCE VOLUME

=127-

(PHOTONS/7CM* ¥2~SEC )/ (RETA/SEC)
({MEV/CHME&2=SEC ) /MEV)
(MEV/Cus%2~SEC}/{RETA/SEC)
(R/ZHR I/ (BETALSEL)

PIR SOURCE VOLUME (((R/HR)/(RFTAZ

EI I (]

e 13Q28AF AT
258235948
T e14653365-77
242762219E-13
ICIY/CMERT) =

~3

= R e75655625-17

{{(R/HR}/{AETA/SEC) ) /CMR43) =

fe3801847¢ 11

NeOBI2ONIT 1Y




